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The development of novel luminescent materials is greatly needed for progress 
in fast-moving fields such as nanobiotechnology, optoelectronics, and photonics. 
Among the wide range of luminescent materials available, fluorescent silica 
nanoparticles are widely explored in bioimaging, biosensing, and drug delivery, 
and also as pigments for paints. Silica materials also offer many advantages over 
other materials, such as their high mechanical and chemical stability, 
photostability, ease of synthesis, and functionalization. In this study, we 
synthesized and functionalized luminescent silica materials and investigated 
their structure-property relationship, as limited work has been carried out on 
controlling the structural organization of fluorophores inside the silica matrix.  
In Chapter 1, a brief review of different synthetic methods employed in the 
development of luminescent silica nanoparticles and a few of their applications 
are provided. This is followed by an outline of the scope of this thesis at the end 
of the chapter. Chapter 2 discusses how perylene derivatives were used as 
fluorescent probes for the detection of organic amines in solution. Stern-Volmer 
plots were used to understand the mode of quenching behavior during the 
interaction of organic amines with perylene derivatives. One of the perylene 
derivatives showed selectivity in sensing amines, and the fluorescence 
quenching observed is attributed to the photoinduced electron-transfer between 
donor amines and acceptor perylene derivatives. After the mechanism and mode 
of quenching in solution state were understood, hybrid fluorescent silica 
nanoparticles were developed for detecting amines in solution and in gaseous 
phase. In Chapter 3, three models of perylene functionalized silica nanoparticles 
were prepared using different synthetic approaches. Changes in the organization 
of dyes in three models were studied, and the abilities of these nanoparticles 
towards detecting amines were further explored. All nanoparticles were stable, 
easily regenerated, and thus can be used for sensing of amines. 
In Chapter 4, a unique combination of super hydrophobic and NIR-reflective 
silica nanoparticles created by the aggregation-induced segregation of perylene 
derivative on silica nanoparticles is explored. Differentially functionalized 
perylene molecules were incorporated on the surface of silica nanoparticles. 
Changes in photophysical properties were observed based on the amount of 
ix 
 
perylene incorporated on the surface of silica nanoparticles. A combination of 
perylene and octadecyl-functionalized nanoparticles showed super hydrophobic 
character with a contact angle (CA) of  > 150° and sliding angle (SA) of < 10°. 
The NIR-reflective property of the functionalized silica nanoparticles was also 
measured. Hence, such nanoparticles can be used as NIR-reflective 
nanopigments. In Chapter 5, the structure-property relationship of the 2D 
functionalized silica film formed from different combination of perylene and 
octadecyl silane precursors at the interface of two immiscible liquids was 
studied. Spectrophotometric techniques were used to understand the changes in 
optical properties due to aggregation of perylene in the film. 
In Chapter 6, monodispersed luminescent ZnOSiO2 nanoparticles were 
designed and synthesized in a one-step process using a reverse microemulsion 
method. Here, ZnO quantum dots were formed in situ and homogeneously 
distributed inside the matrix of ZnOSiO2 nanoparticles. In addition to strong 
fluorescence emission, ZnOSiO2 nanoparticles showed phosphorescence 
emission. As a proof of concept, UV-active, invisible printing was also 
demonstrated and such stable luminescent NPs can be used in nanoprinting and 
for bioimaging purposes. In Chapter 7, a series of organic-inorganic hybrid 
silica-based materials were synthesized through a one-step process by reacting 
tetraethyl orthosilicate with aromatic bis-phenols and aliphatic diols. Such 
hybrid materials were used for the removal of organic dyes and nanoparticles 
from water with high extraction efficiencies.  
Overall, a series of organic-inorganic-silica hybrid materials were prepared, 
fully characterized and structure-property correlations were established. In 
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mixed PDI-2:octadecyl silane films, (▲) 1:10 (PO10-
Si), (▼) 1:100 (PO100-Si), and () 1:1000 (PO1000-
Si), formed at the interface of the CHCl3/H2O system. 
Excitation wavelength was 350 nm. 
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Figure 5.9 Polarized Uv-Vis absorbance spectra of drop casted 
film of PDI-2 monomer (A), interfacial silica films of 
P-Si (B) and PO100-Si (C) on quartz plate and the plot 
of peak absorbance vs polarization angle (D) of drop 
casted film of perylene silane , interfacial film of P-
Si and PO100-Si as a function of polarization angle of 
the incident light. 
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Figure 5.10 Polarization angle-dependence emission spectra of 
drop casted film of PDI-2 monomer (a), interfacial 
films of P-Si (b), and PO100-Si (c), where incident 
light is parallel (∥, ●) and perpendicular (	, ■) to 
plane polarized light. Plot of dichroic ratio with 
polarization angle (d) of drop casted films of perylene 
silane (♦), interfacial film of P-Si (▲), and PO100-Si 
(). Excitation wavelength was 403 nm. 
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Figure 5.11 Fluorescence quenching response of POx-Si films 
after exposure to vapors of aniline for known time 
intervals of () 30 mins, and () 24 hrs. 
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Figure 6.1 FESEM images of: (a) ZnO; (b) ZnOSiO2-1 (0.075 




EDX spectrum of ZnOSiO2-4; (e) TEM image of 
ZnOSiO2-4; and (f) HR-TEM showing lattice fringes 
corresponding to the wurtzite structure of ZnO QDs 
in silica matrix, (inset: corresponding selected area 
electron diffraction). 
Figure 6.2 XRD patterns of: (a) bare ZnO NPs (as synthesized); 
and (b) ZnSiO2-1 (■) and ZnOSiO2-4 (●) 
nanoparticles. X-ray diffraction patterns (XRD) were 
recorded using a Bruker – AXS: D8 DISCOVER with 
a GADDS Powder X-ray diffractometer with Cu-K α 
(λ = 1.54 Å) at 40 kV and 40 mA within a 2θ range 
of 10° to 80°. The samples were dried at 70°C for 24 
hours and ground to a fine powder form before 
recording the XRD patterns. 
121 
Figure 6.3 (a) Normalized UV-Vis absorption spectra, and (b) 
fluorescence emission spectra, of ZnO NPs () and 
ZnOSiO2-4 (0.45 mmol Zn, ) NPs (λex = 300 nm, 
conc. = 3 mg/ml). 
122 
Figure 6.4 Optical images of (1) SiO2, (2) ZnOSiO2-1, and (3) 
ZnOSiO2-4, NPs in water illuminated under (a) white 
light, and (b) UV light (λex = 365 nm, conc. = 8 
mg/mL). 
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Figure 6.5 Fluorescence emission spectra of: (a) ZnOSiO2-1 
(0.075 mmol Zn, ), ZnOSiO2-2 (0.15 mmol Zn,▼), 
ZnOSiO2-3 (0.30 mmol Zn, ), ZnOSiO2-4 (0.45 
mmol Zn,) NPs, and (b) ZnOSiO2-4 NPs with () 
and ZnOSiO2-A without () AEAPTMS in ethanol 
(λex = 300 nm, conc. = 3 mg/ml). 
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Figure 6.6 SiO2 (A), ZnOSiO2-4 NPs dispersed PDMS film in 
the presence (B), and in the absence (C), of UV 
exposure (scale bar, 1 cm). 
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Figure 6.7 Fluorescence emission (a), and phosphorescence 
emission (b), spectra of ZnOSiO2-4 NPs dispersed in 
PDMS film (20 mg/ml, ■) and in water (inset image) 
(8 mg/ml, ●); (λex = 300 nm). 
125 
Figure 6.8 (A) Printed pattern from ZnOSiO2-4 NPs / PDMS 
using inkjet printing method; and (B) printed pattern 
from ZnOSiO2-1 NPs / PVA using stamp pad method, 
before and after exposure to UV lamp (λex = 365nm), 




on white background, to exhibit invisible ink 
properties (scale bar, 1 cm). 
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Figure 7.1 Structures of phenols and diols used in the present 
study. 
132 
Figure 7.2 Powder XRD patterns of pristine hybrid materials at 
ambient conditions. 
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Figure 7.3 Solid state 29Si NMR spectrum of silicon hybrid 
materials derived from bisphenols and diols. 
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Figure 7.4 Absorption spectra of startng material, DHAQ and Si-
DHAQ in DMSO. Concentration of the samples: 50 
ppm 
137 
Figure 7.5 The solutions of dihroxynaphthalene (DHN) and 
hybrid material Si-DHN before and after exposure to 
UV irradiation. DHN is not fluorescent, however the 
hybrid material shows a blue fluorescence in DMSO. 
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Figure 7.6 Normalized absorption (A) and emission (B) spectra 
of hybrid materials in DMSO. Concentration of 
samples: 50 ppm. λex was 300 nm for Si-DHB and Si-
DHN, 380 nm for Si-DHTA, and 510 nm for Si-
DHAQ. 
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Figure 7.7 SEM images obtained from drop casting of dispersed 
materials in THF (A) The  UV-Vis absorption spectra 
of the aqueous solution of methylene blue before 
( ) and after ( ) adsorption experiments 
with Si-Oct as adsorbent. The adsorbent dosage was 
15 mg and dye concentration was 50 ppm. 
139 
Figure 7.8 UV/Vis absorption spectra of citrate stabilized Au 
nanoparticles (A) and Ag nanoparticles (B), before 
( ) and after ( ) adsorption when Si-Oct 
was used as adsorbent. Adsorbent dosage: 15 mg, 
concentration of Au and Ag NPs = 20 ppm. 
141 
Figure 7.9 Transmission electron micrographs of silica hybrid, 
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Nanomaterials, by definition, are materials with nanoscale dimensions.1 
These materials are widely used in the areas of biotechnology, chemistry, and 
biomedicine due to their unique optical, chemical, and electrical properties 
attributed to their features at the nanoscale dimension.2 
In particular, fluorescent nanomaterials are gaining immense popularity 
in the field of nanotechnology as fluorescent nanoprobes / emitters due to their 
high signal-to-noise ratio, spatial resolution, and ease of implementation.3 Some 
applications include bioimaging, use in drug-delivery systems, and also the use 
as optical sensors in real time. Organic dye molecules4, 5 and fluorescent 
proteins6, 7 are examples of fluorescent emitters or probes with limitations such 
as low fluorescence intensity, low photostability, and undesirable molecular 
aggregation, which make these traditional florescent materials unsuitable for 
real-time monitoring or high-sensitivity sensing.8-11 Nanoparticles are the most 
widely explored and extensively studied fluorescent nanomaterial introduced by 
nanotechnology.12-20  
Luminescent nanoparticles (NPs) provide a platform for the 
development of innovative hybrid materials which have potential applications 
in a wide research area. Some examples of luminescent nanoparticles are 
semiconductor quantum dots (QDs),6, 12-14  dye-doped polymer nanoparticles,12 
and dye-doped silica nanoparticles15-20 which are widely used as fluorescent 
emitters / nanoprobes. Typical limitations of the conventional fluorophore 
(organic dyes, fluorescent proteins) such as low quantum yield and 
photobleaching are overcome using the above-mentioned nanoparticles. 
Extensive research work is carried out on semiconductor quantum dots and dye-
doped polymer nanoparticles. 
In particular, organic dye-doped silica nanoparticles were extensively 
studied in the field of bioanalysis and for therapeutic applications in the past 
few years.17, 21 Organic fluorophores are encapsulated and well-dispersed within 
the silica network, which can overcome the limitations of conventional bare dye 
molecules. Optical properties of the NPs can be altered by changing the 
fluorophore encapsulated within the silica matrix. These silica nanoparticles can 
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encapsulate not just one but thousands of dye molecules, thus the luminous 
intensity of these NPs can be as high as QDs in some cases and can be brighter 
than single dye molecules.22 In addition to the effect of the increase in intensity 
due to the accumulation of a large number of fluorophores, there are other 
factors which also contribute to changes in photophysical and photochemical 
behavior observed in organic dye-doped silica nanoparticles. Silica provides a 
chemically and thermally stable matrix, which can protect the encapsulated dye 
molecules from the external environment and thus protect fluorophores from 
diffusional quenching and enhance photophysical properties such as brightness 
and photostability. Reduced mobility of the dye inside the silica matrix may 
decrease vibrational relaxation and reorganization processes, preventing 
nonradiative deactivation from occurring. Additional advantages of silica 
nanoparticles include their robustness, mechanical stability, optical 
transparency, and biocompatibility. They can also be easily synthesized, which 
allows the design of novel hybrid nanoparticles with high monodispersity in a 
wide range of sizes from 10 nm to several hundred nanometers, depending on 
the specific application. Additionally, their surface can be easily functionalized 
for further conjugation, depending on the nature of the application. 
We are interested in studying the effects of the organization of dyes in 
dye-doped silica nanoparticles and the corresponding changes induced in their 
optical properties. Hence, the thesis is focused on the synthesis and the changes 
in photophysical properties due to the organization of dyes and on a few 
applications of dye-doped silica nanoparticles. 
1.2. Synthesis of Silica Nanoparticles 
 
Figure 1.1.  Hydrolysis and condensation of TEOS (tetraethoxysilane). 
The synthesis of silica nanoparticles is usually produced by the sol-gel 
process. It involves the hydrolysis and condensation of tertraethylorthosilicate 
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(TEOS) in the presence of a catalyst. Particle formation is initiated due to the 
hydrolysis of alkoxy silane to silanols. These silanols undergo polymerization 
with other silane precursors to form dimers or oligomers, which grow into larger 
silica networks (Figure 1.1). 
 The final product obtained can be silica gel or silica nanoparticles 
depending on the acid / base catalyst used (Figure 1.1). At pH 7–10, the surface 
of silica nanoparticles is negatively charged due to deprotonated silanol groups, 
and they repel each other. These individual particles then continue to grow in 
size and form stable sols. At a low pH, the particles carry a low ionic charge 
and thus have a tendency to collide and aggregate to form a 3D gel network. 
This effect of pH on the polymerization of silica is illustrated in Figure 1.2.23  
 
 
Figure 1.2. Polymerization of silica under different reaction conditions.23  
 
Silica nanoparticles are generally synthesized by two processes, such as 
the Stoeber method24 and the reverse microemulsion method.25 Both these 
methods allow the possibility for luminescent materials to incorporate 
themselves into the silica network, allowing the synthesis of luminescent silica 
nanoparticles. 
1.2.1 The Stoeber Method 
In 1968, Stöber et al. reported a pioneering method for the synthesis of 
monodisperse and spherical silica nanoparticles of sizes ranging from 50 nm to 
1 μm, using tetraethoxy orthosilicate (TEOS), ammonia as a catalyst, and an 
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aqueous alcohol solvent system.24 Further research on Stöber synthesis by 
Bogush et al. in 1988 led to the understanding that the concentration of TEOS, 
ammonia, water, type of alcohol solvent, and reaction temperature26-28 are five 
important parameters that influence the size and size-distribution of silica 
nanoparticles. For example, upon increasing the concentration of ammonia, the 
rate of the hydrolysis of oligomers increased, and thus the rate of condensation 
of supersaturated oligomers leads to the formation of larger silica nanoparticles. 
Similarly, increasing the concentration of alcohol forces early nucleation of the 
oligomers, due to the decrease in the solubility of silica intermediates and the 
depositing of nuclei, creating larger particles. 
1.2.2. The Reverse Microemulsion Method 
Compared to Stöber synthesis, the W/O reverse microemulsion method 
allows for greater control over the size, shape, and size-distribution of 
particles.25 Hence, it is commonly used for the synthesis of small, spherical, and 
monodisperse nanoparticles. The theory behind this method involves the 
utilization of reverse micelles, as shown in Figure 1.3, which generates nano-
sized spherical water droplets which serve as nanoreactors.29 The 
thermodynamically stable and isotropic water-in-oil (W/O) reverse 
microemulsion consist of three main components: (i) a small volume of water; 
(ii) the excess organic solvent; and (iii) surfactant.30 
 
        
Figure 1.3: Schematic illustration of the water-in-oil reverse microemulsion.31 
 
The reactions are confined within the nano-sized water droplet, and 
resultant particles have their size and shape determined by the parameters of the 
reverse micelles, such as the molar ratio of water-to-surfactant (W0) and 
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surfactant-to-solvent. By increasing the W0 ratio of microemulsion systems 
from five to ten, Santra et al. obtained small (5 ± 1 nm) and medium-sized (63 
± 4 nm) silica nanoparticles.31  
Surfactants relieve the interfacial tension between the water and organic 
phases and stabilize the reverse microemulsion.32 Stable reverse micelles are 
important for the synthesis of small, monodisperse particles. Properties of the 
surfactant such as alkyl chain length, head group size, and ionic character were 
also found to affect the final particle size and morphology.33 Long-chained 
alcohols (e.g. n-hexanol) are commonly added as cosurfactants to increase the 
fluidity of the interfacial film. Consequently, this results in the higher inter-
micellar exchange rate, increased particle nucleation, and, ultimately, the 
reduction in particle size.  
However, despite the advantages as mentioned previously, the 
limitations of the reverse microemulsion method are its low yield and the 
extensive work-up steps required to remove the surfactant molecules.34  
1.2.3. The Direct Micellar Method 
There is a new platform for the synthesis of silica nanoparticles based 
on the micellar aggregate formation of surfactant in water, which is a template 
for the formation of nanoparticles. In general, it is based on the oil-in-water 
microemulsion method which consists of surfactant, 1-butanol, 
dimethylsulfoxide (DMSO), and water.35 The surfactant used is usually Tween 
80 or AOT (bis(2-ethylhexyl) sulfosuccinate sodium salt), while the silane 
precursor is an organotrialkoxy silane precursor such as VTES 
(triethoxyvinylsilane). In general, the hydrolysis and condensation of the 
organotrialkoxy silane precursor in a non-polar core of Tween-80/water 
microemulsion is in the presence of ammonia as the catalyst.36, 37 Synthesized 
particles are purified by dialysis and an ultrafiltration process to remove the 
surfactant. Moreover, this method provides the monodispersed particles of a 
size from 20–30 nm with some degree of mesoporosity and allows them to be 
highly dispersible in an aqueous solution. However, due to mesoporosity, some 
leaching of dye is expected, so the covalent attachment of dye is preferred over 
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physical encapsulation. These nanoparticles were found to be suitable for 
bioimaging and the photodynamic therapy system.38 
 
1.3. Synthesis of Organic Dye-Doped Luminescent Silica 
Nanoparticles 
 
1.3.1. Noncovalent Encapsulation of Dye  
The Stoeber and reverse microemulsion processes allowed the 
incorporation of organic dye molecules into the silica matrix by one of two main 
methods, covalent and non-covalent binding. The major drawback in the non-
covalent or physical encapsulation of dye is the gradual leakage of dye from 
silica particles with time, which is not desirable for practical applications. This 
can be overcome by the use of  positively charged dyes which have a greater 
affinity toward the negatively charge silica surface, thus being more easily 
encapsulated during the silica-nanoparticles synthesis process.39 For example, 
water-soluble porphyrin dyes were successfully encapsulated into the silica 
matrix using ammonia as the catalyst for the Stoeber method40, similarly, 
positively charged water-soluble dyes were also easily incorporated into 
reverse-microemulsion water cores and were retained within silica 
nanoparticles due to electrostatic interaction within the negatively charged silica, 
forming monodisperse water-soluble fluorescent nanoparticles.41-43 However, it 
was observed that such electrostatic interaction is not very strong.44 
The above methods had certain limitations for the encapsulation of 
hydrophobic dyes into hydrophilic silica nanoparticles. Hydrophobic dyes can 
be incorporated into the silica matrix by linking hydrophilic dextran molecules 
to the hydrophobic organic dye which is subsequently retained in the acidic 
water core of the microemulsion system to create an electrostatic force between 
the dextran-modified organic dye and the silica matrix.45 This modification 
prevented the leaching of dyes from the silica nanoparticles in the aqueous 
medium. A detailed study on the effect of non-covalent encapsulation of organic 
dye molecules via reverse microemulsion synthesis was carried out, and the 
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effect of the fluorophore loading and leaching of dye, in addition to changes in 
fluorescence spectra, was studied in detail (Figure 1.4) .46 
                         
                        
 
Figure 1.4. The structures of organic dyes and fluorophores physically 
encapsulated in silica nanoparticles.46 
1.3.2. Covalent Strategy for the Encapsulation of Organic Dye in Silica 
Nanoparticles 
The physical encapsulation of dyes had limitations, such as the leaching 
problem, and was applicable for positively charged dyes but not feasible for 
encapsulating the majority of hydrophobic dyes. Covalently incorporated 
fluorescent silica nanoparticles have created a promising platform in the field 
of bioimaging and also as biomarkers.11,47-49 In this strategy, organosilicates are 
covalently bound to the silica matrix during the hydrolysis and condensation 
process, thus incorporating organic dye which is covalently attached to silica 
nanoparticles. Organosilicates are obtained by the reaction of organic dyes with 
silane-coupling agents such as APTES or MPMTS. The first covalent dye-
doped silica nanoparticles were made by Van Blaaderen in 1992, linking FITC 
(Fluorescein isothiocyanate) and APTES, followed by linking them covalently 
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to the silica matrix.50 Similarly, different kinds of fluorescent dyes are 
incorporated into the silica matrix covalently and are used successfully in 
various applications, which include bioimaging.51-53 
A comparative study on encapsulation and photophysical properties was 
carried out on three dye-doped silica nanoparticles with a different mode of dye-
silica interaction (Figure 1.5).54 In the first model, dye RuBpy (Ruthenium 
based dye) was attracted to the silica matrix by non-covalent electrostatic 
interaction. In the second model, TMR-Dex (tetramethylrhodamine-dextran) 
was trapped non-covalently inside the silica matrix by spatial hindrance, and in 
the third model APTES modified TRITC (tetramethylrhodhamine-5-
isothiocayante) and was covalently linked to the silica network. It was observed 
that all three dyes were effectively encapsulated within the silica matrix. 
However, TMR-APTES showed notable property changes, for example a 3.55-




Figure 1.5. The structures of RuBpy, modified TMR for conjugation with 
dextran, and TMR-APTES for the comparative encapsulation in silica 
nanoparticles and photophysical studies.54 
Bridged polysilsesquioxanes are a new class of hybrid organic-inorganic 
materials obtained through the sol-gel processing of monomers containing a 
variable organic bridging group and trifunctional silyl groups (Figure 1.6). The 
properties of these groups can be changed by the introduction of the appropriate 
organic functionality into the silicate network through covalent linkage, since 
the organic bridging group can be varied by composition, length, rigidity, and 
functionality. This can be easily achieved via the design and synthesis of the 
desired monomers. Consequently, potential applications of the bridged 
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silsesquioaxanes have been found in optical devices and as high-capacity 
absorbents. 
                 
 
 
Figure 1.6. A schematic representation of monomeric blocks containing two or 
more triethoxysilane groups as precursors to synthesize bridged 
polysilsesquioxanes. The organic group (colored area) can be an alkyl or aryl 
group. 
In the recent report, bridged silsesquioxane (BS) NPs were successfully 
synthesized using 5,10,15,20-tetrakis(carboxyphenyl) porphyrin (TCPP) silane 
derivatives as a precursor by a reverse microemulsion method for the 
development of a stimulus-responsive photosensitizer delivery system.55 The 
photo-imaging and therapeutic properties were explored in breast-cancer MCF-
7 cells. 
Porphyrin (TCPP) silane derivatives such as control one (C-TCPP) and 
redox-responsive one (RR-TCPP) were synthesized in multi-step reactions 
(Figure 1.7). The triethoxysilane groups of both TCPP derivatives undergo 
condensation in the reverse microemulsion process to produce PSilQNPs. 
Synthesized TCPP-based PSilQNPs were about 50-70 nm in diameter and had 
a high loading of TCPP (120-150 mol/g of PSilQNPs). RR-TCPP-PSilQNPs 






       
Figure 1.7. A schematic representation of redox-responsive phorphyrin-based 
polysilsesquioxane nanoparticles (PSilQNP), developed for imaging and 
therapeutic properties.55 
The new synthetic route was developed to introduce the trialkoxysilyl 
terminal organic group via the consecutive processes of allylation and 
hydrosilation, as shown in Figure 1.8. All these silane-derivitized molecules 
were introduced into silica matrix, by hydrolysis and condensation with TEOS 
in the presence of ammonia as a catalyst in ethanol. The sizes of the 
nanoparticles were in the range of 30–500 nm, which were determined by the 
amount of TEOS, water and ammonia in the ethanol solution, and the restricted 
movement of the dye molecules in the silica matrix. These nanoparticles showed 
bright photoluminescence, an increase in photostability, and a non-leachable 
property.56 
 
                   
Figure 1.8. The derivatization of organic dyes (1, 2, and 3) for their 
incorporation into silica nanoparticles. Conditions of the reactions: (i) allyl 
iodide, Cs2CO3, DMF; (ii) trimethoxysilane, Pt/C, methanol; (iii) 
triethoxysilane, Pt(dvs), toluene.56 
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1.4. The Effect of the Organization of Dyes in Tuning the 
Brightness of NPs 
The organization of dyes plays a significant role in fine-tuning the 
brightness of nanoparticles (NPs). This is due to the fact that highly florescent 
nanosized particles can be obtained by incorporating a large number of dye 
molecules into the matrix of nanoparticles. The formation of aggregates due to 
the high concentration of fluorophore loading in nanoparticles causes 
fluorescence quenching, which is referred to as aggregation-caused quenching 
(ACQ).57-60 Fӧster resonance energy transfer (FRET) from the low fraction of 
aggregates, which behave as excitation energy traps, causes severe quenching 
of the emission of non-aggregated dyes.61-63  
In order to achieve bright luminescent NPs, the quenching phenomena 
due to aggregation has to be prevented. This can be achieved by two general 
approaches. The first one involves the introduction of dye molecules which, 
when excited, emit even if densely packed in an NP network, without getting 
involved in quenching process. The other approach involves the control of the 
organizations of dye in the matrix, thus preventing the formation of an 
aggregation of dyes, resulting in the aggregation-caused quenching (ACQ) 
process. 
The first approach involves the development of nanoparticles based on 
the selection of dye molecules which do not suffer from ACQ. This can be 
achieved using aggregation-induced (AIE) materials which emit high 
fluorescence when in the aggregated state.64, 65 
1.4.1. Aggregation-induced Emission Based Nanoparticles  
Covalent-binding AIE (aggregation induced emission) based hybrid 
silica nanoparticles with core shell structure were synthesized by the surfactant 
free one-pot sol-gel process.66 Since the AIE-fluorescent dye molecules were 
covalently linked to the silica network, no leaching of AIE-dye was observed 
from FSNPs (fluorescent silica nanoparticles). Fluorophore TPE 
(tetraphenylethene) and Silole silane derivatives were synthesized, and the 
surfactant free sol-gel of these dyes were carried out, followed by an additional 
sol-gel process in the presence of TEOS (tetraethylorthosilicate) to form FSNP-
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1 and FSNP-2, fluorescent silica nanoparticles (Figure 1.9). Thus, formed 
FSNPs were monodispersed with sizes of about 100-200 nm and were easily 
dispersible with excellent colloidal stability, high surface charges, and are 
highly emissive. Furthermore, by changing the reaction conditions and the 
fluorescent dye loading, the size of particles and their photophysical property 
can be varied. These FSNPs were used as a fluorescent visualizer for 
intracellular imaging due to their low toxicity to living cells. 
                        
Figure 1.9. A schematic representation of AIE fluorescent dyes: TPE (1), silole 
(2) silane derivatives and synthetic procedure for AIE fluorescent silica 
nanoparticles (FSNP 1 and FSNP 2).66 
Similarly, other AIE-doped fluorescent silica nanoparticles were 
synthesized through a click reaction followed by the one-pot, two-step Stoeber 
and microemulsion methods.67, 68 Changes in morphology, size, and optical 
properties of the fluorescent silica nanoparticles (FSNPs) from the Stoeber and 
reverse microemulsion methods were compared. FSNPs formed by the Stoeber 
method had a relatively larger size (~100-200 nm) and a smoother surface in 
addition to a high surface charge and high colloidal stability. Particles formed 
by the reverse microemulsion method were generally smaller in size (~40-50 
nm). Multifunctional magnetic FSNPs were fabricated in a one-pot synthesis, 
the surfactant free sol-gel reaction between silole silane derivative and TEOS in 
the presence of magnetic nanoparticles. These particles exhibit a high efficient 
emission and strong magnetization.69 These nanoparticles are further decorated 
by an amine group by the addition of APTES during the synthesis of FSNPs, 
which can serve as a protein carrier.  
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9,10-distyrylanthracenes (DSAs) are fluorophores with aggregation-
induced emission properties (AIE).70 They are being widely explored as pH 
sensors and are being introduced into polymer nanoparticles for bioimaging 
purposes.71, 72 DSA silane derivatives were covalently linked to the silica 
network to avoid leakage and to restrict intramolecular rotations of DSA by the 
silica network to yield high quantum efficiency (Figure 1.10). These DSA-





Figure 1.10. A schematic representation of aggregation-induced emission 
(AIE), a DSA derivative, and nanoparticles dispersed in solution.73 
1.4.2. Excimer-based Nanoparticles  
Pyrene was used to prepare bright silica-doped NPs, since the pyrene 
interaction of excitation molecules with the ground state results in the formation 
of excimers and does not cause self-quenching (Figure 1.11).67 Pyrene-doped 
silica nanoparticles were prepared by the Stoeber method using a pyrene silane 
derivative. A combination of fluorescence steady-state time-resolved 
spectroscopy and dynamic light scattering (DLS) measurements was taken to 
study the organizations of pyrene dye molecules inside silica nanoparticles. 
Fluorescence emission spectra showing the monomeric and excimer profiles 
gave information on the comparative distribution or localization of dyes during 
the different stages of silica particle growth. Depending on the concentration of 
pyrene doping, the resulting core showed monomeric emission (375 nm) for a 
low concentration and excimers (480 nm) for a higher concentration of pyrene. 
As observed in Figure 1.11, at a lower concentration of the dye, all pyrene 
molecules were incorporated into the inner core, followed by the formation of 
the undoped silica shell protecting the inner core. But at a higher concentration, 
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excimer formation at an initial stage of growth reveals an increase in density of 
pyrene at the inner core, and, in the following stage, a gradual increase in the 
monomeric emission indicates the formation of a less densely doped silica shell. 
In addition, the brightness and photostability of pyrene-doped nanoparticles 
increased due to the bare silica shell formed at the final stage of particle growth, 
which was reduced from diffusion quenching due to atmospheric oxygen.                                 
               
 
Figure 1.11. A graphical representation of the growth of the silica nanoparticles 
doped with the pyrene silane derivative. Pyrene dye is weakly fluorescent before 
it is incorporated into the silica matrix due to atmospheric oxygen, and suffers 
dynamic quenching (a, d). At a low concentration, the dye is completely inside 
the core of silica nucleus; the increase in fluorescence intensity with no 
excimeric formation is observed, followed by the formation of a further 
undoped silica layer (b, c). At a higher concentration, a densely doped core 
nucleus is observed, leading to a formation of an excimer emission peak, and 
further, gradual growth of the doped silica shell, showing both excimer and 
monomeric emission, is also observed (picture adapted from ref 67).  
1.4.3. Luminescent Metal Complexes-based NPs 
 Many luminescent metal complexes show solid-state luminescence and 
are suitable for the preparation of bright, heavily doped NPs. Water-insoluble 
metal complexes are doped directly into silica nanoparticles by the direct 
micelle-assisted method.74 This method allows the synthesis of fluorescent 
silica nanoparticles with a high doping of hydrophobic dyes. The leaching of 
dye from nanoparticles was measured by an extensive dialysis, using a water/2-
octanol system and an ultrafiltration experiment. The localization of the Iridium 
complex, stabilized by an inner rigid silica core, was proven by the polarization 
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of the luminescence. A high polarization value (0.15) confirms the presence of 
fluorophore inside the rigid core of silica nanoparticles. The particle size was 
measured to be around ~10 nm from the TEM. Photophysical properties of the 
Ir-silica nanoparticles were similar to the free Ir(pq)acac in methanol. The 
quantum yield (ɸ) of Ir-silica nanoparticles (0.021) was enhanced by 30% with 
respect to the free Ir(pq)acac (0.016) in the methanol solvent. The fluorescence 
lifetime of Ir-doped silica nanoparticles (1380 ns) in aerated methanol was 
found to very long and close to the lifetime of the free complex in deaerated 
methanol (1545 ns, and 72 ns for aerated methanol). This report measured the 
electrochemiluminescence (ECL) emission of the Ir(pq)acac hydrophobic 
complex-doped silica nanoparticles in an aqueous solution.  
1.4.4. Energy-transfer-based Dye-doped Silica Nanoparticles 
The Fӧster resonance energy transfer (FRET) is a powerful tool for the 
tuning of the photophysical properties of dye-doped nanoparticles.75, 76 FRET is 
a process in which absorbed energy from one dye is transferred to another dye 
molecule through a non-radioactive pathway.77 Multiple dye-doped silica 
nanoparticles were synthesized, and efficient energy transfers were observed 
among the dyes doped. These nanoparticles showed multicolor emissions under 
a single excitation wavelength of the donor dye (Figure 1.12).78 The changes in 
photophysical properties due to efficient energy transfers (ET) among 
multifluorophoric dye-doping in silica nanoparticles are summarized in Table 
1.1. Each nanoparticle containing a different combination of dye exhibits a large 
and tunable pseudo-Stokes shift (up to 435 nm). This system allows us to obtain 
a different emission color for each nanoparticle, under a single excitation 
wavelength. In addition to contributing to greater stability and to a simple 
synthetic strategy, these multi-dye-doped pluronic silica nanoparticles have 







Figure 1.12. A schematic representation of dye-doped silica nanoparticles and 
the chemical structure of dyes used in the study to show multicolor emission 
under a single excitation wavelength by a FRET cascade mechanism (picture 
adapted from ref 78). 
Table 1.1. Summary of the photophysical properties of dyes in silica 
nanoparticles and the corresponding Stokes shift78 




Stokes shift (S-S)a, 
nm 
D1@NP 405 460 44 
(D1+B1)@NP 405 540 121 
(D1+B1+R)@NP 405 590 170 
(D1+B1+R+C)@NP 405 670 251 
 
Based on the energy-transfer process, two highly water-soluble dyes, 
tris(2,2’-bipyridyl)dichlororuthenium(II) hexahydrate (RuBpy) and methylene 
blue (MB), were encapsulated into the silica nanoparticles by the reverse 
microemulsion method (Figure 1.13).79 Energy transfer from RuBpy to MB 
occurred in silica nanoparticles by varying the molar ratios of the donor and 
acceptor, resulting in NIR-fluorescent silica nanoparticles with a large Stokes 
shift (>200 nm) and a strong emission intensity. These nanoparticles with a large 





Figure 1.13. A schematic representation of the large Stokes shift near infrared 
fluorescent silica nanoparticles (LSS-NFSNPs) based on a FRET mechanism 
from the RuBpy-to-MB dye (picture adapted from ref 79).  
The FRET was further explored to avoid intermolecular quenching 
(ACQ), spectral broadening, and for the tuning of photophysical properties of 
dye-doped fluorescent silica nanoparticles.80 In this report, coumarin dye was 
used as an excitation energy donor and BODIPY dye as an acceptor, and both 
were doped into silica nanoparticles (Figure 1.14). The fraction of BODIPY in 
NPs was very low when compared with heavily doped coumarin dyes. The 
formation of coumarin excimers caused self-quenching in NPs, in the absence 
of the BODIPY dye. But, in the presence of BODIPY as an energy acceptor, the 
energy absorbed by the donor coumarin units was collected, thus the exhibition 
of high photoluminescence. Due to the efficient energy transfer from the donor 
to acceptor dyes and the emission maxima shifts to a higher wavelength, the 
increase in the Stokes shift leads to less spectral broadening. Finally, this 
combination allowed a significant increase in signal-to-noise ratio and thus is 




         
 
Figure 1.14. A schematic illustration of the preparation of the dye-doped silica 
nanoparticles using the Pluronic F127 micelles template approach. Heavily 
doped coumarin-dye nanoparticles showed poor emission due to aggregate 
formations. The co-encapsulation of the BODIPY dye, at a very low 
concentration, as an excitation energy acceptor is due to the efficient FRET 
energy transfer which deactivates coumarins and leads to ultrabright 
luminescent silica nanoparticles.80 
In another report, organically modified silica nanoparticles were 
prepared to encapsulate two photon fluorescent dye aggregates (BDSA) as an 
energy up-converting donor and a photosensitizing anticancer drug (HPPH) as 
an acceptor (Figure 1.15).81 These nanoparticles were prepared in the micelles 
by the co-precipitation of an organically modified silica derivative with 2-
devinyl-2-(1-hexyloxyethyl)pyropheophorbide (HPPH) and an excess of a 9,10-
bis[4’-(4’’-aminostyryl)styryl]anthracene (BDSA) dye which formed 
nanoaggregates by a phase separation from the silica matrix. Two photon 
spectroscopic measurements revealed that the nanoaggregates of the BDSA 
formed from the phase separation of the matrix can efficiently convert the 
energy of the absorbed NIR light and transfer it by intraparticle FRET to HPPH, 
generating singlet oxygen in the water. This material was explored in the study 




                 
Figure 1.15. A schematic illustration of organically modified silica 
nanoparticles encapsulating two photon dye aggregates (BDSA) and the 
photosensitizer (HPPH), thus demonstrating the efficient energy transfer from 
BDSA to HPPH.81  
Thus, the energy-transfer-based silica nanoparticles strategy allows the 
fine-tuning of photophysical properties by changing the acceptor energy dye or 
by exploring the multi-dye FRET cascade effect.  
The second strategy involves the control of the interactions between the 
fluorophores by the organization of the dyes in NPs. A few examples are 
presented below, based on the organization of the dyes in silica nanoparticles. 
The introduction of bulky substituents in the dyes can also prevent aggregation 
in nanoparticles. A similar strategy was used to synthesize perylene diimide 
(PDI)-doped silica nanoparticles for laser-scanned bioimaging. Bright 
photostable fluorescent silica nanoparticles were synthesized by the typical 
Stoeber method, incorporating silane-modified perylene diimide derivatives 
(PDIvis and PDInir) emitting light in the visible and NIR regions. These 
nanoparticles were explored for the imaging of HEK293 cells with their low 
toxicity.                             
1.5. Applications                                          
1.5.1. Chemosensors 
Fluorescent chemosensors are gaining immense popularity in a wide 
range of applications such as food and beverage analysis, environmental 
monitoring, and also in the fields of biology and medicine.22,82-84 Fluorescent 
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chemosensors are mainly composed of two important components: the receptor 
(the recognition site) and the fluorophore (the signaling source). Good 
selectivity, high sensitivity, and quick response times are many advantages of 
fluorescent chemosensors, which make them useful analytical tools.85-88 
The recent development of nanotechnology has allowed the overcoming 
the many typical limitations of traditional organic chromophores such as low 
quantum yield, poor photostability, and the unsuitability in certain physiological 
conditions. Quantum dots (QDs), gold nanoparticles, and fluorescent silica 
nanoparticles (FSNPs) are among the newly developed nanomaterials used as 
chemosensors.21,89-91 Among them, the FSNPs carry additional advantages over 
other nanomaterials in terms of synthesis and the simple method involving the 
incorporation of a large number of active agents into the silica matrix, which 
further increases photostability and luminescence.80,92-95 
      
Figure 1.16. Different approaches to design a nanostructured chemosensor. 
                   A luminescent chemosensor-using silica nanoparticle can be 
developed in four possible ways using the receptor and fluorophore. They are 
shown in Figure 1.16, where the chemosensors (a fluorophore and a receptor 
that are covalently linked to each other) are at the core of silica nanoparticles 
(Figure 1.16a). Chemosensors are covalently functionalized on the surface of 
silica nanoparticles (Figure 1.16b); the fluorophores and the receptors are 
separately doped inside the silica nanoparticles (Figure 1.16c); fluorophore and 
receptor units are separately functionalized on the surface of silica nanoparticles 
(Figure 1.16d). 
Here, we shall see some recent developments in the use of FSNPs as 




1.5.1.1. Chemosensor-doped Silica Nanoparticles  
As discussed earlier, one of the methods to synthesize fluorescent 
chemosensor silica nanoparticles is by encapsulating chemosensors or by 
trapping fluorophores and receptors separately inside the matrix of silica 
nanoparticles. Since the receptors and the fluorophores are trapped inside the 
matrix of silica nanoparticles, the target species must diffuse through the matrix 
of silica nanoparticles in order to be detected and interact with the receptor. This 
is only possible when the smaller species such as the protons or metal ions as 
analytes are used. For bigger analytes, another design strategy can be applied 
where signaling fluorophore units are placed inside the matrix of silica 
nanoparticles, and the receptors are functionalized on the surface of silica 
nanoparticles. 
TSQ (6-methoxy-(8-p-toluensulfonamide)quinoline) encapsulated silica 
nanoparticles are prepared as a sensor to detect Zn(II) ions.96 This system is 
quite soluble in water: an ethanol (1:1) mixture is porous enough to allow Zn(II) 
ions to diffuse inside the silica matrix to reach the sensor. This system was 
proven to be sensitive enough to detect Zn ions in the solution. But the drawback 
in this system is that the quantum yield of TSQ inside the silica matrix was 
found to be higher than the free TSQ molecule, and this could be due to the 
partial protonation of the TSQ in the presence of an acidic silanol group. This 
affects the sensitivity of the material. A simpler strategy was developed to detect 
metal ions, using fluorophore-doped silica nanoparticles without any receptors 
to bind with the analyte. (129) Here, silica nanoparticles are doped with 
dansylamide dye by the Stober method. Dansylaminde dye is covalently linked 
to a silica matrix. The surface of silica nanoparticles act as a receptor unit, 
binding to the Cu(II) ions. The smaller size (~15 nm) of the nanoparticles allows 
enough proximity of the Cu(II) ions adsorbed on the surface of silica 
nanoparticles and the fluorophore unit dispersed inside the silica matrix to 
quench their emission. This system allows the direct use of FSNPs as 
chemosensors without receptors, but this strategy is dependent mainly on the 
size of the nanoparticles. The smaller the size, the greater the quenching 
efficiency will be; larger-sized silica nanoparticles showed very slight variation 
in the quenching process. 
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Other self-organized FSNPs were developed using the above strategy to 
detect Pb(II) ions in the aqueous solution (Figure 1.17).97 Here, the quenching 
efficiencies of the three different models were compared by sensing lead ions. 
In model one, dansyl signaling units were covalently incorporated inside the 
silica matrix (~50 nm), and (mercaptopropyl)triethoxysilane (MPTES) was 
functionalized on the surface of the silica nanoparticles as receptor units to bind 
to Pb(II) ions. In the second model, silica nanoparticles with sizes of around 50 
nm were coated with a dansyl covalently doped silica layer of a 5 nm thickness, 
followed by the MPTES functionalization on the surface of the silica core with 
dansyl-coated silica nanoparticles. The third model was developed based on the 
multishell system, where the silica core is doped covalently with coumarin dyes 
surrounded by a 7 nm bare silica layer and a 3 nm danysl-doped silica layer 
capped with MPTES. The second model showed a high sensitivity with 30 % 
residual fluorescence when compared to the first model, which showed 60 % 
residual fluorescence upon detecting Pb(II) ions. The third model showed a 
quenching efficiency similar to the second model, but with an additional 
advantage of ratiometric detection and calibration, due to the presence of the 
reference coumarin dye.  
   
                                 
Figure 1.17. A schematic representation of dye-doped silica nanoparticles 
employed as chemosensors for sensing Pb2+ ions in three different model.97    
Dual-emission FSNPs was developed as chemosensors based on a 
ratiometric approach for the rapid detection of Cu(II) ions (Fig).98 The silica 
core was doped with fluorescein as the reference dye and the surface was 
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functionalized with rhodamine as a receptor unit to chelate Cu(II) ions. The 
emission switched from orange to green upon the selective quenching of the 
rhodamine molecules by the copper ions. With this approach, the limit of 
detection was as low as 10 nM.   
Another approach was developed using the direct micellar template 
method using Pluonic F127 as a template for detecting copper ions (Figure 
1.18).99 The silica core was doped with coumarin as a reference dye, and 
bodipy-based chemosensor units, due to their lipophilic nature, were hosted 
within the PEG shell. Efficient energy transfer from the coumarin dye-doped 
silica nanoparticles to the bodipy chemosensor was possible due to the close 
proximity of the bodipy-based chemosensor and the coumarin dye. 
Amplification of fluorescence emission was observed upon the chelation of the 
chemosensor to copper ions, thus modulating the energy transfer. The bodipy-
based chemosensor showed a 10-fold increase in the association constant with 
copper ions, thus the limit of detection was much lower than the supramolecular 
chemosensors. This strategy allowed the usage of water-insoluble 
chemosensors in the aqueous media, thus increasing the scope of application. 
        
 
Figure 1.18. A graphical representation to show the signal amplification 
proposed for the core–shell silica nanoparticles.99 
The multilayer structure of FSNPs was developed using the FRET 
mechanism for a ratiometric detection of mercury ions (Hg(II)).100 A thin layer 
of silica incorporated with a nitrobenzoxadiazolyl derivative was coated on a 
silica core, followed by a surface-functionalized siprolactame rhodhamine 
derivative which acts as the donor for the mercury ions. A high transfer 
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efficiency and signal-to-noise ratio was achieved due to the spatial distribution 
of both the acceptor and donor and also because of their mutual separation 
distance. 
Even though a few FSNPs based sensors exist, the design of a sensor 
with a single amplification is not yet established. A fluorescent chemosensor 
was developed to demonstrate the amplification of  response of fluorescence 
signal  withrespect analyte concentration.101 Commercially available receptor 
dansylated-3-[2-(2-aminoethylamino)ethylamino]propyl-trimetoxysilane was 
incorporated within the silica matrix in high density using the Stoeber method. 
Strong fluorescence quenching was observed upon the addition of copper, 
cobalt, and nickel ions at a nanomolar concentration. The observed fluorescence 
quenching was explained by the energy-transfer process between the dansyl’s 
excited state and the metal ion. Copper, having the highest affinity, could 
quench up to 13 dansyl units, leading to a strong signal amplification (Figure 
1.19).102 The abovementioned report thus concluded that chemosensor-doped 
silica nanoparticles are porous enough to allow small cations through, and also 
that the proximity of chemosensor units allows the receptor unit to communicate 
with all the neighboring fluorophores. Since the silica matrix is permeable to 
small cations, it should also be permeable to protons; this concept was 
developed to for the design of FSNPs for pH sensing.103-105 
 
 
Figure 1.19. A representation of the energy-transfer process (ET) occurring in 
dansylated 3-[2-(2-aminoethylamino)ethylamino]propyl-trimetoxysilane-
doped silica nanoparticles. The complexation of single copper ions causes the 
quenching of an average of 13 chromophores.102                 
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1.5.1.2. Surface Functionalized Chemosensors 
The organization of chemosensors on the surface of silica nanoparticles 
sounds more promising in sensing applications than those sensor-doped inside 
silica nanoparticles since surface functionalization allows a higher loading of 
sensing molecules on the surface and thus allowing stronger interactions 
between the chemosensor and the analytes of interest. 
The self-organized Zn(II) fluorescent chemosensor was developed by 
the spatial organizations of chromophore units on the surface of the silica 
nanoparticles.106 TSQ (6-methoxy-(8-p-toluenesulfonaimdo)quinolone) is a 
widely used chemosensor that selectively binds to zinc ions, and is covalently 
functionalized on the surface of silica nanoparticles. In this off-on system, the 
increase in fluorescence intensity was observed through the energy-transfer 
process from uncomplexed on-fluorescent TSQ sensor units to the neighboring 
TSQ-Zn(II) complexes as shown in Figure 1.20. This system reported a 50 % 
off-on increase in response to the presence of the zinc ions. This was considered 
to be the first report on amplified enhancement in the emission intensity in off-
on-based chemosensor functionalized silica nanoparticles. 
                                                                                                    
Figure 1.20. A graphical representation of an OFF/ON chemosensor in 
multichromophoric FSNPs.106 
                         
Fluorescein derivatives, bearing a silane derivative with two 
coordinating sites that were grafted onto the surface of silica nanoparticles, were 
developed for the selective sensing of copper ions in an aqueous system and 
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reversible upon the addition of EDTA (ethylene diaminetetracetic acid), with a 
limit of detection as low as 0.5 µM. These nanoparticles are cell-permeable and 
are still able to be quenched upon detecting copper ions.107        
Another new strategy was developed by varying the ratio of the 
fluorophore (the signaling units) and/or the ligands (the receptors) on the surface 
of the silica nanoparticles (Figure 1.21).108 An amplified quenching response 
was observed when the copper binding was able to quench ten surroundings 
dyes, by a careful choice of the components and their ratio. 
            
Figure 1.21. A surface functionalized silica nanoparticles-based self-organized 
fluorescence chemosensor.108 
Similarly, a self-assembly approach was developed to make a 
chemosensor for TNT (explosives) and the 2,4-dichlorophenoxyacetic acid 
(herbicides).109 Silica nanoparticles (150 nm in size) were surface 
functionalized with nitrobenzoxadiazole (NBD) dye and organic amines in a 
certain ratio as a receptor to allow a photoinduced electron transfer (PET) from 
the amines to the NBD that causes a fluorescence quenching of the dye (Figure 
1.22). Protonation of the organic amines prevents the PET process from 
occurring from receptor to dye, thus resulting in an enhancement in fluorescence 
intensity. A similar mechanism is used to detect 2,4-dichlorophenoxyacetic acid 
(herbicides), due to the exchange of protons. 
This system was also sensitive to the detection of TNT, but the mode of 
detection caused a quenching of fluorescence. This was due to the FRET 
mechanism which predominates over the PET process from the dye to the 
organic amine-TNT complex. A similar approach was used to detect TNT, by 
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the use of organic amines as receptors and rhodamine as an organic dye. TNT 
analytes induced fluorescence quenching based on the FRET mechanism.110  
   
 
Figure 1.22. A schematic diagram of NBD-(NH2) functionalized silica 
nanoparticles as a reversible fluorescence pH sensor.110 
Another advantage of the grafting process is the ability to include 
analyte-independent fluorophore along with the fluorescent signaling unit, 
leading to a ratiometric designing system that does not require the calibration 
process (Figure 1.23). Such a system was developed for the sensing of 
intracellular chloride ions. Silica nanoparticles were grafted with a fluorescent 
probe (6-methoxyquiolinium derivative), a reference dye (fluorescein), and 
poly(ethylene glycol) to induce water solubility. This system penetrated into the 
cells with no toxicity while sensing chloride ions effectively.111 
 
                                         
Figure 1.23. Structure of silica nanoparticles grafted with mutifunctional 
group.111                                   
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Recently, fluorescent silica nanoparticle-based chemosensor was 
developed selective sensing of lead ions. 4-amino-1,8-naphthalic anhydride 
(ANA) was grafted onto amine functionalized silica nanoparticles, and further, 
salicylaldehyde (SA) reacted with the –NH2 groups of ANA which were  
grafted on silica nanoparticles to form an efficient ligand for sensing lead ions 
(Figure 1.24). Fluorescence quenching was observed upon the sensing of lead 
ions in aqueous solutions. The developed chemosensor could selectively sense 
lead ions with a limit of detection as low as 10 µM. This chemosensor can be 
recycled and reused.112  
                                   
Figure 1.24. The structure of functionalized silica nanoparticles for the 
detection and removal of Pb2+ ions.112 
We can break down the FSNP-based chemosensors into its main 
properties: modulation, multifunctionality, and versatility in aiding the design 
of engineered hybrid silica nanoparticles. The combination of all three aspects 
brings a tremendous improvement in selectivity, sensitivity, reproducibility, 
signal amplification, and internal calibration. Thus, FSNPs (fluorescent silica 
nanoparticles) provide a unique platform for the development of chemosensors  
in the nanotechnology area, yet still have undeveloped potential. The detection 
of multiple analytes at the same time with the same particles, and the 
combination of drug delivery and the detection of analytes at the same time 





1.6. Challenges and Perspectives 
In recent years, the synthesis and development of nanomaterials have 
yielded powerful and versatile platforms for a variety of applications such as 
sensing and imaging. In this review, we want to show the correlation between 
the organization of dye in silica nanoparticles and its effect on the photophysical 
properties. Properties such as ACQ (aggregation-caused quenching) and PCQ 
(proximity-caused quenching) lead to severe fluorescence quenching due to 
collective events involving energy transfer such as the FRET. Hence, to obtain 
bright organic dye-doped luminescent silica nanoparticles requires a simple 
synthetic strategy  and a well-designed chromophore. In this context, we have 
selected a few strategies for the design of bright dye-doped silica nanoparticles 
without any compromise in the concentration of the dye loaded in the silica 
nanoparticles.  
Another approach involves the control of the organization of dye inside 
the silica matrix, preventing mutual interaction and reducing aggregation, but 
this requires a smart and convenient strategy to control the distribution of dye 
within the silica matrix. But our understanding of the photophysical properties 
of dye-doped nanoparticles is still incomplete, due to the lack of knowledge of 
the actual organization and mobility of the fluorophores within the matrix of 
silica nanoparticles.  
1.7. Research Scope and Outline  
The main objectives of the present work is summarized as follows: 
(a) Develop functionalized luminescent silica-based materials.   
(b) Study the structure-property relationship using various techniques. 
(c) Further explore the versatile application of such hybrid materials. 
Chapter 2 of this work explains the selectivity and mechanistic study of 
the interaction of perylene diimide and perylene monoimide as a fluorescent 
probe with organic amines in the solution. Consequently, in order to develop a 
reusable fluorescent probe for sensing amines, Chapter 3 introduces three 
hybrid fluorescent silica nanoparticles using PDI as a fluorophore, which differ 
from each other in the arrangement of perylene in the silica matrix. The 
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efficiency of these nanoparticles in interacting with amines is compared based 
on the structural arrangement of PDI in the silica matrix.  
Chapter 4 summarizes the synthesis and characterization of self-
cleaning, super hydrophobic, NIR-reflective, silica nanoparticles. Here, a few 
functionalized silica nanoparticles were synthesized by varying the 
concentration of the PDI and TMODS silane precursor, and their effects on 
optical properties and hydrophobicity were investigated. Moreover, in addition 
to hydrophobicity, the NIR-reflective properties of these nanoparticles were 
also measured. Chapter 5 introduces a study of the structure-property relation 
of the functionalized silane film synthesized at the liquid-liquid interface. A few 
different combinations of silane films were synthesized using different mole 
ratios of the PDI and TMODS silane precursor. Structure-property relations 
were explored using different techniques to understand the arrangement of 
molecules in silane films. They were also exposed to amine vapors to help 
investigate the interaction of amines and functionalized silane films. 
 Chapter 6 develops a simple one-step method to synthesize luminescent 
ZnO-silica nanoparticles. This method allows the formation of  ZnO quantum 
dots (QD) using zinc salt as a precursor in the silica matrix. Changes in the 
optical properties were studied by varying the concentration of zinc ions in the 
silica nanoparticles. These nanoparticles also exhibited the phosphorescence 
effect. These nanoparticles were used as a nanopigment to demonstrate the 
concept of invisible barcoding. In chapter 7, a series of silicon-based organic-
inorganic hybrid materials were synthesized through a one-step process by 
reacting tetraethyl orthosilicate with aromatic bis-phenols and the aliphatic diol. 
The photophysical properties of the hybrid materials were established using 
absorption and emission spectroscopy as a proof of concept; hybrid materials 
were used as adsorbents for the removal of organic dyes and nanoparticles from 
the water. The materials showed a high extraction efficiency (~96.3 %) for metal 
nanoparticles. In summary, the present work makes an attempt to gain an 
understanding of the changes of the properties observed based on the 
arrangement of fluorophores in the silica matrix (which can be in the form of a 
nanoparticle, 2D film, or a composite) and its effect on certain applications such 
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The detection of amines is important for monitoring industrial and 
environmental pollution, checking the quality of food products, and the medical 
diagnosis of certain diseases.113 Moreover, aliphatic amines are found in waste-
water effluents from pharmaceutical industries, agriculture, and food-
processing units.114-116 Biogenic amines are biomarkers for certain types of 
diseases such as lung cancer (aniline), uremia (dimethylamine and 
trimethylamine)113, 117, and several other diseases (ammonia).118 
Several methods have been developed for the detection of amines in the 
vapor phase by using different techniques.119 The majority of the sensors are 
based on the oxidation of amines on anode materials, which leads to an output 
signal proportional to the concentration of the amines.120 Biosensors were also 
developed for amines with immobilized amino-oxidase or amino-
dehydrogenase enzymes.121-123 Piezoelectric quartz crystal microbalance and 
ion-channel sensors are other forms of amine sensors based on host-guest 
interactions.124-126 Most methods have certain limitations such as a need for 
reference electrodes, low sensitivity, low selectivity, and a short lifetime. 
Chemical sensors based on the optical transduction method were designed for 
sensing ammonia and organic amines127 using indicator dyes which are prone to 
photobleaching.128, 129 
Among widely used sensors, such as ion-selective electrodes, 
electrochemical devices, and chemical sensors, fluorescent sensors based on 
organic materials are promising, owing to their high sensitivity, selectivity, and 
a fast response.130, 131 Perylene diimide (PDI) derivatives with an excellent 
photostability and an electron-deficient nature have been used for the detection 
of amines.132 Recently, PDI-incorporated nanofibers were prepared and used as 
fluorescent sensors for organic amine vapors.132-135 But little is known about the 
interactions of the PDI with the amines in solution. Here we explore the 
fluorescence quenching behavior of perylene derivatives in the presence of 
various organic amines in solution and seek to understand the selectivity of 
interaction among primary (1º), secondary (2º) and tertiary (3º) amines (Figure 
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2.1). In addition, amine-induced fluorescence quenching of perylene 
monoimide (PMI) is also investigated and compared with perylene diimide 
(PDI) and amine interactions in the solute. 
 
Figure 2.1. The emission (A) and fluorescence quenching (B) of PDI molecules 
by the amines through a photoinduced electron transfer in solution.  
 
2.2. Experimental Section  
2.2.1.  Materials  
All solvents and reagents (analytical grade or spectroscopic grade) were 
obtained from commercial sources and were used as received.  
2.2.2. Characterizations 
1H nuclear magnetic resonance (NMR) spectra were recorded on a Bruker 
Avance AV300 (300 MHz) NMR instrument using CDCl3 as the solvent. 
Absorption and emission spectra were measured on a UV-1601PC Shimadzu 
spectrophotometer and RF-5301PC Shimadzu spectrofluorophotometer. A 
Bruker ALPHA FT-IR spectrophotometer was used for the Fourier-transform 
infrared (FT-IR) spectroscopy analysis. Structural optimization and frontier 
orbital energy levels were calculated using density functional (DFT) level at 
B#LYP/6-31G(d) level. The LUMO and HOMO electron density plots were 
generated from the optimized structures using Gaussview5. Geometry 
parameters are relaxed and diffusion functions are not included in the 
optimization procedure. 




All photophysical studies were done using a solution of the compounds 
in tetrahydrofuran (THF). Stock solutions of PDI, PMI (0.1 mM) and amines 
at a concentration range of 0.1 – 1.0 M were prepared in THF. For the 
investigation of the amine-induced fluorescence quenching, 1 ml of the PDI 
stock solution (0.1 M) and 1.5 ml of amine solution at various concentrations 
(0.1 – 1.0 M) were mixed and the corresponding quenching of fluorescence 
intensities were recorded. The percentage quenching efficiency and the Stern-
Volmer constant (Ksv) were determined from the fluorescence data, and the 
quenching efficiency was calculated using equation 2.1 below.135 
Quenching efficiency % =   x100              (2.1) 
Io and I are the fluorescence intensities of PDI or PMI in the absence and 
presence of amines respectively. Recovery of fluorescence of perylene 
derivatives were carried out by adding a few drops of concentrated hydrochloric 
acid to the solution, mixing it thoroughly, and recording the resulting spectrum. 
 
2.3.  Results and Discussion 
Perylene monoimide (PMI) and perylene diimide (PDI) are n-type 
semiconductors with high photostability, which is an required property for 
optical applications (Figure 2.2). Full details of the synthesis and the 
characterization of both molecules are given in the Appendix, S2.1 and S2.2.136, 
137
 The perylene molecules are easy to synthesize and characterize and are 
accessible in large quantities. 
 
Figure 2.2. The molecular structure of (A) N,N’-bis(2-ethylhexyl)perylene-
3,4,9,10-tetracarboxylic diimide, PDI, (B) (N-(2-ethylhexyl)perylene-3,4,9,10-




















Absorption and emission spectra of the PDI were measured in the THF 
solution (Figure 2.3). The PDI showed three characteristic vibronic peaks for 
the S0-S1 transitions at 455, 485, and 520 nm in the absorption spectrum (Figure 
2.3a). The emission spectrum showed maxima at 540, 568, and 614 nm for the 
PDI (Figure 2.3b). The PMI also showed absorption spectra similar to the PDI 
with three absorption maxima around 452, 480, and 516 nm, and the emission 
spectrum also had three maxima at 533, 566, and 612 nm (Figure 2.3b).138 
 
Figure 2.3. Normalized absorbance (a) and emission spectra (b) of PDI () 
and PMI () in THF.  
 
2.3.1. Photophysical Studies of Perylene Derivatives in the Presence of 
Amines in Solution  
Upon the addition of a series of aliphatic primary, secondary, tertiary, 
and aromatic amines to the PDI or PMI solution in THF, fluorescence 
quenching was observed (Figure 2.4), and the quenching efficiencies are 
summarized in Figure 2.5. The fluorescence was instantly quenched to 90% 
upon the addition of dimethylaniline, which could be due to a photoinduced 
electron-transfer from the HOMO of electron donor amines to the HOMO of 
the PDI.135  Of the two perylene derivatives, PDI showed higher quenching 
efficiency for tertiary and bulky amines compared to the secondary and primary 
amines in the THF. Such selectivity of PDI towards amines is due to 
hydrophobic and donor-acceptor interactions with bulky amines, such as 
triethylamine, aniline, and dimethylaniline, which facilitate the electron transfer 
between amines and the PDI molecules in the excited state. This is also 
consistent with the HOMO values of the PDI and the HOMO values of various 
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amines obtained from the DFT calculations (Table S 2.1). The electron transfer 
rate is faster from HOMO of dimethylaniline (-5.02 eV), aniline (-5.39 eV), to 
HOMO of the PDI (-5.99 eV) when compared to diethylamine (-5.84 eV) and 
diisopropylamine (-5.74 eV) due to the high energy difference between the 
energy levels of the donor and acceptor. Similar quenching results were reported 
for a metal organic framework prepared from a naphthalene diimide system.139 
But in the case of aliphatic amines, such as butylamine, the HOMO energy of 
the PDI (-5.99 eV) is higher than the HOMO energy level of the amine (-6.21 
eV), which prevents electron transfer from the amines to the PDI resulting in a 
lower quenching efficiency. Hence, PDIs exhibit different quenching behaviors 
among linear aliphatic and tertiary/aromatic amines.  
   
Figure 2.4. The emission spectra of () PDI (0.1mM) and () PMI (0.1 mM) 
in the presence of butylamine (), dibutylamine (), diisopropylamine (▼), 




       
Figure 2.5. The quenching efficiency (%) of PDI (  ) and PMI (  ) upon the 
sensing of various amines in THF solution.  
 
Similar quenching experiments were carried out with PMI (Figure 2.4b) 
for the sensing of various organic amines and comparisons were made with the 
observed results of PDI (Figure 2.4a). PMI showed a higher quenching 
efficiency of 71 % for butylamine than for PDI molecules (40 %). Primary 
amines were also known to interact with anhydride groups to form amide acid 
or imide; this is investigated and described below in detail.  
In order to further understand the interaction of amines and perylene 
molecules, a few drops of hydrochloric acid were added to protonate amines,  
and the emission spectra were recorded in THF (Figure S2.1, Appendix). As 
shown in Figure 2.6a, a recovery of the fluorescent intensity of PDI was 
observed upon the addition of acid to the PDI-aniline solution. Similar 
observations were also made for the PMI-amine solutions (Figure S2.1, 
Appendix). This can be attributed to the protonation of the amines in the 
presence of the acid which prevented photoinduced electron transfer from the 
amine to the PDI. 
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Figure 2.6. A comparison of the changes in the fluorescence of the PDI in 
solution (a, 0.1 mM) and in solid-state (b) before () and after () the exposure 
of aniline vapors and the recovery of emission in presence of acid vapors (). 
The excitation wavelength was 350 nm. 
Experiments were done to establish the efficiency of the fluorescence 
quenching in the dropcasted films (solid-state) of PDI and PMI for the sensing 
of amine vapors at different time intervals. Solutions of PDI (0.05 ml, 1 mM) 
or PMI (0.05 ml, 1 mM) in the THF were drop casted onto quartz plates, dried 
at 70 ºC, and exposed to amine vapors (0.5 ml of amine solutions in a 5-ml glass 
vial was placed inside a 15-ml chamber along with a perylene coated quartz 
plate for 12 hrs to attain saturation). The corresponding changes in the emission 
spectra before and after exposure to different amine vapors were recorded using 
a spectrofluorophotometer, as shown in the supporting information. Both PDI 
(Figure S2.2, Appendix) and PMI (Figure S2.3, Appendix) showed a quenching 
of fluorescence in solid films upon exposure to vapors of different amines. As 
expected, after an increase in exposure time, an increase in the quenching of 
emission was observed for butylamine, diisopropylamine, triethylamine, and 
aniline. The PMI film showed a higher quenching efficiency (70 %) for 
butylamine when compared to the PDI film (15%). In addition, the fluorescence 
quenching observed in the presence of amine vapors is reversible (Figure 2.6b 
and S2.4, Appendix) upon exposing the solid film to acid vapors for 60 minutes 
under ambient conditions. Hence, PDI can be used for the sensing of tertiary 
amines selectively in the presence of the primary amines in solution and in solid 
state.     
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2.3.2. Mechanisms of the Quenching of Fluorescence 
Fluorescent quenching mainly occurs through one of two mechanisms, 
static or dynamic quenching. In dynamic quenching, the collision between the 
fluorophore and the quencher takes place during the lifetime of the excited state 
of the fluorophore. In case of the static quenching mode, quenching of the 
excited state takes place due to the strong interaction between the fluorophore 
and the quencher molecule.140 In order to understand the nature of the 
fluorescence quenching mechanism, a Stern-Volmer plot is used (Equation 2.2) 
for the calculation of the quenching constant.141, 142  
 !
  
= 1 +  [Q]                   (2.2) 
where, Io and I are fluorescence intensities in the absence and presence of 
quencher respectively, [Q] is the quencher concentration, and Ksv is the Stern-
Volmer quenching constant or the association constant in M-1. 
The fluorescence quenching of PDI (0.1 mM) and PMI (0.1 mM) with 
butylamine, diisopropylamine, triethylamine, and aniline in the concentration 
range of 0.1 mM - 1 M were recorded. The spectra for aniline are given in Figure 
2.7, and the remaining amines are shown in the supporting information (Figure 
S2.5 and S2.6, Appendix). Quenching experiments were conducted for each 
amine by measuring the intensity before and after the addition of the quencher. 
The ratio of Io/I is plotted against the concentration of amines, which describes 
the behavior over the specified concentration range of 0.1 mM - 1 M and helps 
the calculation of the Stern-Volmer constant (Ksv). 
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Figure 2.7. The emission spectra of PDI (a, 0.1 mM) and PMI (c, 0.1 mM) in 
the presence of aniline within a concentration range of 0.1 mM – 1 M. 
Quenching curves for PDI (b) and PMI (d) are plotted based on the 
corresponding emission maxima given in (a) and (c). The excitation wavelength 
used was 350 nm. 
The Stern-Volmer constants (Ksv) were determined by plotting intensity 
versus quencher concentrations.143 An upward curvature was observed for all 
amines in Figure 2.7 and Figure S2.7 (Appendix), which indicates a 
combination of the static and dynamic quenching mechanisms for PDI. The 
static mode of quenching was ruled out, as no changes in the absorption spectra 
were observed (Figure S2.8, Appendix) in the presence of butylamine or 
aniline.144 The upward curvatures could be due to a sphere of action model, 
where significant quenching occurs at a high concentration of the quencher.145 
Interestingly, PMI also showed an upward curvature for the Stern-
Volmer plot in the presence of 2o or 3o amines such as diisopropylamine, 
triethylamine, and aniline at a high concentration (0.1 mM - 1 M), but 1-
butylamine showed a negative deviation in the Stern-Volmer plot (Figure S2.9, 
Appendix). According to the literature, the downward curvature is due to 
42 
 
fractional accessibility of the fluorophore to the quencher146, 147 due to the 
aggregation and rate diffusion rate of both components.145 The absorbance 
spectra of PMI in the presence of quenchers, such as butylamine and aniline at 
different concentrations (0.1 mM - 1 M), are given in Figure S2.10 (Appendix). 
No changes in the absorbance maxima were observed with the PMI-aniline 
system upon increasing the concentration of aniline from 0.1 mM to 1 M, but a 
concentration-dependent fluorescence quenching was observed in the emission 
spectra. However, PMI showed significant changes in absorbance maxima, 
with changes in the concentration of butylamine from 0.1 mM to 1 M. This 
indicates a strong interaction between the butylamine and PMI monoanhydride, 
which is responsible for the observed downward curvature in the Stern-Volmer 
plot.  
            
Figure 2.8. The IR spectrum of PDI and PMI (0.1 mM) in the presence of 
butylamine at different concentrations, A) 0.1 mM; B) 1 mM; C) 10 mM; D) 
100 mM; and E) 1000 mM. 
 
The IR studies (Figure 2.8) show a disappearance of the anhydride peak 
(1761, 1720 cm-1) of PMI and an increase in the intensity of the N-H bending 
43 
 
peak148 at around 1640 cm-1 with an increase in the concentration of butylamine 
(0.1 mM – 1 M). This could be due to the interaction of butylamine with the 
electron-deficient anhydride moiety of PMI forming an amide acid at room 
temperature. In order to understand the interaction of PMI with the aliphatic 
amines, 1H NMR experiments were performed in a CDCl3 solvent. Upon adding 
the butylamine to the PMI solution, significant changes in the chemical shift 
and the splitting of the signals, corresponding to the aromatic protons of the 
perylene core, were observed in 1H NMR (Figure 2.9a). As shown in Figure 
2.9b, aromatic protons appeared in the upfield region (8.6-8.5 ppm for Ar-H5, 
H3, 8.45-8.3 ppm for Ar-H4, H6, 7.95-7.9 ppm for Ar-H7, 7.85-7.8 ppm for Ar-
H1, H2, and 7.6-7.5 ppm for Ar-H8) upon interaction with the butylamine, which 
indicates a change in the symmetry and the electronic environment of the 
protons of the molecules, due to the formation of perylene amide acid. However, 
no changes in the chemical shift or the splitting of signals were observed for 
PMI protons, when mixed with aniline (Figure 2.9c). Similarly, PDI (Figure 
2.9d) and the PDI-butylamine (Figure 2.9e) mixture did not show any changes 
in the splitting pattern of the aromatic protons, but an upfield change in the 
chemical shift of 1H NMR signals were observed due to the strong interaction 
between butylamine and PDI. The NMR spectrum of the PMI showed 
significant changes in the presence of butylamine, which corresponds to a 
functional group transformation from anhydride to amic acid (Figure 2.9b). 
Also, the splitting pattern of the NMR signals in the aromatic region implied a 
low symmetry of amic acid when compared to PMI or PDI. No significant 
changes in the chemical shift or splitting patterns of the perylene core protons 
of PMI were observed in the presence of aniline (Figure 2.9c). Similarly, the 
addition of butylamine to the PDI solution induced changes in the chemical 
shifts of the PDI protons with no changes in the splitting patterns (Figure 2.9e). 
This is explained by the strong interaction between the electron-rich butylamine 
with the electron-deficient PDI core, with no chemical transformation of the 
functional groups or changes in the symmetry of the molecules.  As seen in the 
case of PMI, NMR of PDI showed no changes in the chemical shift of the 
signals from the protons on the perylene core in the presence of aniline (Figure 




Figure 2.9. The aromatic region of the 1H NMR spectra of (a) PMI, (b) PMI + 
butylamine, (c) PMI + aniline, (d) PDI, (e) PDI + butylamine, and (f) PDI + 
aniline in CDCl3 solvent. The concentration of perylene derivatives is 0.1 mM 
and that of amine is 0.01M. 
Figure 2.10 shows a summary of the combined Stern-Volmer plot of the 
PDI and PMI quenching in the presence of butylamine, diisopropylamine, 
triethylamine, and aniline, within the low concentration range of 0.1 mM - 0.1 
M. The quenching constant for aniline was about 74 M-1 for PDI and 65 M-1 for 
PMI, which were much higher when compared to other amines (Table 2.1). 
Butylamine showed the lowest quenching constant of %  = 6 M-1 for PDI, 
which was due to the poor electron-donating ability of butylamine to the excited 
state of the PDI molecule. In the case of PMI, the quenching constant (& ) for 
butylamine was high (24 M-1), due to the strong interaction between the amine 
and the electron-deficient PMI fluorophore, along with the nucleophilic attack 
on the anhydride to form amide acid, which was confirmed by the FTIR and 
NMR analyses discussed above. A full analysis of the NMR is provided in the 




Figure 2.10. Combined Stern–Volmer plots for the fluorescence quenching of 
(a) PDI (0.1 mM) and (b) PMI (0.1 mM) by amines such as () butylamine, 
() diisopropylamine, () triethylamine, and (▼) aniline, used in the 
concentration range of 0.1 mM - 0.1M in THF. The linear portion of the solid 
line was used to calculate the Stern-Volmer constant Ksv.  
The PDI-aniline mixture showed a higher quenching constant (%  = 
73.86 M-1) compared to the reported anthracene-aniline system.149 According to 
the anthracene-aniline system, the Ksv values in polar solvents are higher than 
the Ksv values in non-polar solvents, due to the greater charge-transfer character 
of the exciplex formed in the polar solvent.  
Table 2.1. The Stern-Volmer constants ( ) and the bimolecular quenching 
rate parameter ( ) of PDI and PMI in THF 
 
 τo = 3.33 ns for PDI and 4.77 ns for PMI in the absence of amine quencher in THF. 
It was also observed that Ksv values of PDIs for diisopropylamine, 
triethylamine, and aniline were large when compared to butylamine, which 




%  (M-1) % (M-1s-1) &  (M-1) & (M-1s-1) 
Aniline  74 22.2 x 109 65 13.6 x 109 
Butylamine  6 1.8 x 109 24 5.0 x 109 
Diisopropylamine  18 5.5 x 109 21 4.4 x 109 
Triethylamine  28 8.4 x 109 38 7.9 x 109 
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transferring electrons to the excited state of PDI than primary amines. The 
bimolecular rate constants of the luminescence quenching were calculated using 
the following equation 2.3.144, 150, 151 
 =  τ'                                                        (2.3) 
where, kq is the bimolecular rate constant of fluorescence quenching, and τo is 
the fluorescence lifetime of the perylene derivatives in the absence of the 
quencher. The values of kq are in the order of 109 M-1s-1, which is within the 
range of the diffusion-controlled quenching rate,144 suggesting that the mode of 
quenching is a diffusion-controlled process between the amines and perylene in 
the excited state. 
The fluorescence lifetime measurement is considered to be an effective 
tool for distinguishing between the static and dynamic modes of quenching. The 
dynamic mode of quenching leads to a change in the fluorescence lifetime, 
whereas no changes are seen in the case of static quenching. Lifetime 
measurements of PDI and PMI were taken in the absence and presence of 
amines in solution. The fluorescence lifetimes (τo) of PDI (0.1 mM) and PMI 
(0.1 mM) are 3.33 ns and 4.77 ns respectively, in the absence of the quencher. 
Upon the addition of butylamine (0.1 M), the fluorescence lifetime (τ) was 
reduced to 1.84 ns for PDI and 3.94 ns for PMI. Similarly, in the presence of 
aniline (0.1 M), the fluorescence lifetime (τ) was reduced to 0.89 ns for PDI 
and 0.86 ns for PMI. Thus, the changes in the fluorescence lifetime of PDI and 
PMI in the presence of amines indicate a dynamic quenching behavior in 
solution.  
 
2.3.3. Interaction of Perylene with Biogenic Amines 
Biogenic amines, which are present in all living organisms, act as 
biomarkers in health screenings, and also help provide information about the 
freshness of meat or fish.152 For example, a series of biogenic amines such as 
histamine, cadaverine, and putrescine are associated with decaying tissues or 
raw food. Thus, PDI and PMI were tested for the sensing of phenylethylamine, 
diaminobutane (putriscine), N,N’-bis(3-aminopropyl)-1,4-diaminobutane 
(spermine), N-(3-aminopropyl)-1,4-diaminobutane (spermidine), and 
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diethylenetriamine (DETA) (Figure S2.12 and S2.13, Appendix) in solution, 
and the quenching efficiencies were compared with the values obtained for 
aniline (Figure 2.11). The emission from PDI was quenched by 
phenylethylamine (36%), diaminobutane (putriscine, 52%), and 
diethylenetriamine (DETA, 74%). Aniline showed a better quenching efficiency 
(~87%) when compared to other amines. The low quenching efficiency 
observed for phenylethylamine (~36 %) can be attributed to the highly negative 
value of the HOMO energy level of phenylethylamine (-6.30 eV), which is not 
favorable for the photoinduced electron transfer to PDI (Table S2.1, Appendix).  
  
Figure 2.11. The quenching efficiencies of biogenic amines on the emission 
intensities of PDI () and PMI (). The concentration of perylene derivatives 
is 0.1 mM, and for the amine, it is 0.1M in THF. 
Interestingly, N,N’-bis(3-aminopropyl)-1,4-diaminobutane (spermine) 
and N-(3-aminopropyl)-1,4-diaminobutane (spermidine) and 
diethylenetriamine (DETA) exhibit similar quenching efficiencies as secondary 
amines at about 70%; this can be further supported by DFT calculations. HOMO 
energy values (-5.85 eV) of spermine and spermidine were similar to that of the 
secondary amines such as diethylamine and dibutylamine (-5.84 eV). In 
addition, the increase or localization of the electron density around the 
secondary amines in both spermine and spermidine (Figure S2.14, Appendix) 
may also be the reasons for the high quenching efficiency. 
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PMI showed high quenching efficiencies for all biogenic amines such 
as phenylethylamine (~72 %), dimainobutane (putrescine, ~95 %), spermine 
(~93 %), and spermidine (~95 %), when compared to PDI. This is attributed to 
the interaction of diamines and polyamines with the electron-deficient 
anhydride moiety of the PMI fluorophore, in addition to the photoinduced 
electron-transfer process responsible for the quenching. 
The binding constants ( ) and bimolecular quenching rate constant 
( ) of PDI and PMI for biogenic amines were calculated from the Stern-
Volmer plot (Figure S2.15 and S2.16, Appendix). PDI showed a higher 
selectivity towards the sensing of biogenic amines. Phenylethylamine showed a 
low %  value of 6 M-1, which is similar to the value observed for butylamine. 
The higher binding constant (%  = 26 M-1) observed for DETA was due to the 
increase in the number of amino groups. The quenching rate constant of PDI 
(109 M-1s-1) is well within the range of diffusion-controlled process (1010 M-1s-
1) between electron donor-rich amines and the electron acceptor PDI. 
The observed fluorescence quenching rates of PMI (1011 M-1s-1, Table 
2.2) were greater than the diffusion-controlled rates of quenching (1010 M-1s-1) 
for diaminobutane (putrescine) and diethylenetriamine (DETA). Here the 
quenching mode is a combination of both dynamic and static processes. The 
changes in the absorption spectra of PMI observed in the presence of biogenic 
amines (Figure S2.17, Appendix) indicated the chemical reactions or a strong 
interaction between PMI and amines. The absorption maxima of PMI-amine 
complex showed a bathochromic shift when compared to PMI.  
Table 2.2. The Stern-Volmer constants ( ) and the bimolecular quenching 




()*+  (M-1) ,-+ (M-1s-1) ()*.  (M-1) ,-. (M-1s-1) 
Aniline  74 22.42 x 109 65  13.6 x 10
9
  
















The results suggest that PDI and PMI can be used for sensing different 
amines. Quenching occurs via photoinduced electron-transfer between electron-
rich amines and electron-deficient perylene molecules. The PMI showed high 
sensitivity towards all biogenic amines, whereas a better selectivity among 
primary and tertiary amines was achieved in the case of PDI. Fluorescence 




In summary, perylene diimide (PDI) and perylene monoimide (PMI) 
are used for exploring interactions with organic amines in solution. The 
photoluminescences of PDI and PMI were quenched in the presence of various 
amines. Detailed photophysical studies have been carried out using absorption 
and emission spectroscopy to understand the mechanism of interaction between 
perylene molecules and amines. PDI showed selectivity towards tertiary and 
bulky amines, whereas PMI showed no selectivity but had a high sensitivity 
towards various amines tested in this study. A Stern-Volmer plot was used to 
understand the quenching mechanism and for the calculation of association 
constants for different amines. PDI showed the highest association constant 
 = 73.86 M-1 for aniline, and the lowest   = 6.03 M-1 was for butylamine. 
The fluorescence quenching rate (kq) of PDI was in the range of 109 M-1s-1, 
suggesting the quenching process is a diffusion-controlled process between the 
electron-rich amines and electron-deficient perylene molecules in the excited 
state. PMI also showed the diffusion mode of quenching with a rate constant of 
109 M-1s-1. Thus PDI can be used as an effective optical sensor for bulky amines 
or aniline and showed significant responses in the sensing of biogenic amines 















MOLECULAR ORGANIZATION INDUCED 
ANISOTROPIC PROPERTIES OF PERYLENE – SILICA 
HYBRID NANOPARTICLES 
 
















In recent years, fluorescent nanomaterials are being used in 
optoelectronics, chemical sensing, and bio-imaging applications. Due to high 
mechanical and chemical stabilities, ease of functionalization, and optical 
transparency, silica materials have an ideal lattice structure for protecting and 
encapsulating fluorophores.153, 154 Similarly, perylenediimide dyes are widely 
used as pigments, fluorescent sensors, and n-type semiconductors in organic 
electronic industries owing to high photostability, and interesting optical and 
electronic properties.155, 156 Numerous supramolecular architectures with 
fascinating optical properties have been established using conjugated dyes.157, 
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Recently, we have reported the synthesis of bright fluorescent silica 
nanoparticles by incorporating the fluorophore inside the silica matrix which is 
used for printing applications.159-161 Electronic interactions arising from the 
aggregation of fluorophores such as perylenes during the growth of 
nanoparticles cause fluorescence quenching, which is undesirable.58, 162 The 
fluorophore molecules inside the nanoparticle lattice could be part of a well-
organized network through chemical functionalization163 or were dispersed 
randomly inside the matrix.67, 164 Such control on the arrangement and 
distribution of molecules inside the silica lattice is expected to show interesting 
optical properties. Fluorescent materials provide a simple, sensitive and 
expedient method for the detection and sensing of amines.130, 131 Recently, 
perylenediimide derivatives incorporated nanofibers were reported as 
fluorescent sensors for organic amine vapors.132-135 
Unlike the reports about dye-incorporated silica particles, here we 
address an important issue of how the molecular orientation of perylene 
derivatives inside the matrix controls the optical properties of the silica 
nanoparticles. For this purpose, three types of silica nanoparticles were 
synthesized with different orientations and distributions of perylene molecules. 
The first type of particle was synthesized using the Stober method165 which 
produced monodispersed spherical particles with homogeneous, but randomly 
distributed, perylene molecules inside the silica matrix (P-ST). For the second 
type, homopolymerization of the perylene silane precursor (PDI-1) was used in 
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the absence of additional silica sources such as tetraethyl orthosilicate (TEOS) 
for the preparation of silica nanoparticles (P-NP). For the third type of particle, 
PDI-2 was incorporated onto the surface of the silica nanoparticles through 
chemical immobilization (P-SF). During this investigation, the distribution and 
organization of perylene molecules inside the silica matrix were controlled via 
a chosen synthetic route (Scheme 3.1). The observed optical properties of the 
particles are correlated with the orientation of the perylene molecules inside the 
silica matrix. Such differentially functionalized perylene-silica nanoparticles 
are able to interact with electron-rich amines and show interesting anisotropic 
optical properties.   
                      
                                         
Scheme 3.1. The three models of perylene-incorporated silica nanoparticles 
with different arrangements of the perylene molecules. 
 
3.2. Experimental Section 
3.2.1. Materials 
Tetraethylorthosilicate (TEOS), (3-aminiopropyl) triethoxysilane 
(APTES), absolute ethanol, and ammonium hydroxide solution 25%, were 
purchased from Aldrich. All solvents and reagents (analytical grade and 
spectroscopic grade) were obtained from commercial sources and were used as 
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received. N, N’- bis(3-(triethoxysilyl)propyl )perylene-3,4,9,10-tetracarboxylic 
acid  diimide precursor (PDI-1) and N-(2-ethylhexyl)-N’- (3-
(triethoxysilyl)propyl)perylene-3,4,9,10-tetracarboxylic acid  diimide precursor 
(PDI-2) were prepared using known procedures by reacting perylene derivatives 
with aminopropyltriethoxysilane under appropriate conditions (see Appendix 
S3.1 and S3.2).166, 167  
 
3.2.2. Synthesis of Perylene Silica Nanoparticles by the Stoeber method (P-
ST) 
Perylene-doped silica nanoparticles were synthesized according to the 
Stober method.165 In general, TEOS and PDI-1 dissolved in THF (6 mL) were 
added into a flask containing water, ammonia solution, and absolute ethanol. 
The reaction mixture was stirred at room temperature for 24 hours. A pink-
colored turbid solution was centrifuged, and the precipitate obtained was 
redispersed in fresh ethanol by sonication. The process was repeated until the 
supernatant solution showed no fluorescence when exposed to UV light. The 
perylene silica nanoparticles obtained were dried in an oven at 70 ºC. The 
compositions of reagents used for preparing nanoparticles by the Stoeber 
method are presented in Table 3.1. 
Table 3.1 Compositions of the materials for the preparation of perylene Stoeber 















% mol ratio 
P-ST1 30 3 6 4 0.010  0.018 0.07 
P-ST2 200 15 36 5 0.080  0.022 0.5 
 
3.2.3. Synthesis of Perylene Silica Nanoparticles by the Nanoprecipitation 
Method (P-NP) 
The nanoprecipitation method was employed to synthesize perylene 
silica nanoparticles without the addition of TEOS, which involves mixing the 
organic phase with the water phase. In a typical synthesis, 0.02 g PDI-1, 
dissolved in THF, was added dropwise to the water (200 mL) containing the 
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ammonia solution (1 M), under a high stirring speed. The solution is freeze dried 
at -80 ºC and lyophilized to produce dark red particles. 
3.2.4.  Synthesis of Perylene Functionalized Silica Nanoparticles (P-SF) 
A general procedure to synthesize perylene functionalized silica 
nanoparticles is described below. Pure silica nanoparticles are synthesized using 
the water-in-oil microemulsion method.168 A solution of PDI-2 (0.005 g) in 
toluene (2 ml) was added to a flask containing silica nanoparticles dispersed in 
dry toluene (10 ml). The reaction mixture was refluxed under a N2 atmosphere 
for 24 hrs. The orange-colored particles obtained were centrifuged and washed 
repeatedly with ethanol and THF to remove the unreacted PDI-2 precursor, 
filtered, and dried in an oven at 70 ºC.  
3.2.5. Fluorescence Quenching Study of Perylene Silica Nanoparticles for 
Amine Sensing 
For the sensing of amines in solution, 0.2 mmols of amines (butylamine, 
diisopropylamine, triethylamine, aniline, phenylethylamine, diaminobutane 
(putriscine), and diethylenetriamine) were added into a dispersion of perylene 
silica nanoparticles (P-ST2 or P-SF) in a THF solvent (2 mL) or a dispersion 
of  P-NP in water (2 mL). The emission spectrum was recorded before and after 
the addition of amines to measure the changes in fluorescence and the efficiency 
of fluorescence quenching. This was calculated using equation (3.1) given 
below.135 
Quenching efficiency % =       x 100                       (3.1) 
where, Io and I are the fluorescence intensities of perylene silica nanoparticles 
in the absence and presence of amines, respectively. 
The sensing of amines using solid films of particles was performed as 
follows. Thin films of perylene silica nanoparticles (2.5 mg), dispersed in 
solvents such as THF or water, were cast on a quartz plate and dried in an oven 
at 70 ºC for a day until the complete removal of the solvent. The quartz plate 
containing perylene silica nanoparticles was exposed to amine vapors for a 
known period (1 min or 24 hrs). Fluorescence spectra were recorded before and 




1H Nuclear magnetic resonance (NMR) spectra were recorded on a 
Bruker Avance AV300 (300 MHz) NMR instrument using CDCl3 as the solvent. 
The IR spectra were recorded in the range of 4000-400 cm-1 using a Bruker 
ALPHA FT-IR spectrophotometer with a resolution of 4.0 cm-1. The particle 
morphology was examined using a scanning electron microscopy (JEOL JSM-
6701F). The UV/Vis absorption studies were performed using a Shimadzu-1601 
PC spectrophotometer. The steady-state fluorescence studies were carried out 
with the use of an Agilent Cary Eclipse Fluorescence Spectrophotometer.  
For the quantum yield measurement, Equation (3.2) was used to measure the 
relative quantum yield of particles.169 
/ =  /0  x   1  x 
21
2  x 
34
314
            (3.2) 
where, ΦR, IR, AR, and ηR refer to the quantum yield, the integrated area under 
the emission spectra, absorbance, and the refractive index of reference 
respectively. Rhodamine B (ΦR = 0.7 and η = 1.36)  in the ethanol  solvent, I, 
A, and η refer to the integrated area under the emission spectra, absorbance, and 
the refractive index of the sample in the THF solvent respectively. 
3.2.7. Absorption Anisotropy  
For absorption anisotropy studies, a custom-made microscope attached 
with a polarizer and an analyzer was constructed.  The light source used 
involved both halogen and deuterium lamps (Ocean Optics D-2000 BAL) with 
a wavelength range from 250 to 2500 nm. Figure 3.1 shows the details of the 
absorption anisotropy setup. The input light comes through a fiber of about 600 
µm in core diameter, and the light is collimated using a lens. After collimation, 
the light is passed through a polarizer and a half-wave plate to control the 
incident-light polarization. The light is focused on the sample using a 40x 
objective. The back-reflected light is passed through a polarization analyzer and 
finally collected into the optical fibre connected to the UV-Vis 
Spectrophotometer (Ocean Optics Q65000).  
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Our measurement range is limited to the working spectral range of the 
polarizer, which is 420 to 680 nm. The samples are mounted on a Teflon 
substrate and the background signal is measured using blank quartz substrates. 
Samples are prepared by dropcasting a thin film of nanoparticles dispersed in 
solvent on quartz plates and are allowed to dry at room temperature before the 
anisotropy measurement. 
 
                 
 
Figure 3.1. A schematic representation of the solid-state absorption anisotropy 
setup. 
3.2.8. Fluorescence Anisotropy Measurements 
Fluorescence lifetime and anisotropy measurements were taken with a 
Horiba Fluorolog-3 spectrofluorophotometer with an excitation wavelength of 
530 nm. The concentration of P-ST and P-SF nanoparticles was about 0.5 
mg/mL in THF, and P-NP particles were dispersed in water (0.5 mg/mL). 
 
3.3. Results and Discussion 
3.3.1. Synthesis Strategy and the Characterization of Perylene Silica 
Nanoparticles 
Perylene silica nanoparticles (P-ST, P-NP, P-SF) were synthesized 
using PDI-1 and PDI-2 as a silane precursor (Scheme 3.1). PDI-1 and PDI-2 
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were prepared using known procedures by reacting perylene derivatives with 
aminopropyltriethoxysilane under the appropriate conditions (see Appendix 
S3.1 and S3.2).137, 166, 167 P-ST nanoparticles were prepared using a modified 
Stoeber method with TEOS as a silica precursor and ammonia as a catalyst in 
an ethanol solvent. The acid or base catalyzed hydrolysis of TEOS molecules 
resulted in the Si-O-Si linkages of the silica network. The 
bispropyltriethoxysilyl moiety of the PDI-1 silane precursor can be used to 
attach perylene to the silica network. The prepared perylene silica nanoparticles 
of 100 nm were labeled as P-ST1 (0.010 g) or P-ST2 (0.080 g), depending on 
the initial concentration of the PDI-1 precursor used in the synthesis (Figure 
3.2a).  
P-NP nanoparticles were synthesized using the nanoprecipitation 
method, which involves mixing of the reagents in two miscible solvents such as 
water and THF. Appropriate amounts of the PDI-1 precursor dissolved in THF 
were mixed with an aqueous ammonia solution to start the polymerization. 
Triethoxysilyl groups on each end of the perylene diimide were polymerized to 
form a siloxane network, thereby organizing perylene inside the silica matrix. 
In addition, the aggregation tendency of perylene also helps to achieve a higher 
molecular order inside the lattice. Polymerization was allowed to occur at room 
temperature, and the mixture was lyophilized to produce perylene nanoparticles 
with an average size of ~100 nm (Figure 3.2b).  
The P-SF nanoparticles were prepared using the surface 
functionalization of bare silica nanoparticles with PDI-2. Bare silica 
nanoparticles were prepared using the reverse microemulsion method to yield 
monodispersed particles with an average size of ~50 nm, followed by a surface 
modification using the chemical immobilization of differentially functionalized 






      
Figure 3.2. SEM morphologies of P-ST (a), P-NP (b) and P-SF (c). FTIR 
spectra (d) of unmodified silica NPs, P-ST1, P-ST2, P-SF, and P-NP.   
The FT-IR spectra of pristine and modified silica nanoparticles (bare 
SiO2, P-ST1, P-ST2, P-SF, and P-NP) are shown in Figure 3.2c. For 
unmodified silica nanoparticles, the peaks observed at 3427 and 1630 cm-1 
correspond to vibrations of the Si-OH in the silica. The intense band at 1100 
cm-1 is assigned to Si-O-Si asymmetric stretching vibration, whereas the Si-OH 
vibration bands are observed at 950 and 800 cm-1.170 P-NP nanoparticles show 
prominent peaks at 1690 and 1650 cm-1 corresponding to imide C=O stretching, 
1595 cm-1 corresponds to aromatic C=C stretching, and 2919 – 2851 cm-1 
corresponds to the C-H stretching of alkyl chains, in addition to peaks 
corresponding to silica. As expected, peaks associated with the functional 
groups on perylene units show a higher intensity in the P-NP system compared 





                  
Figure 3.3. TGA traces of P-ST1 (■), P-ST2 (●), P-SF (▲), and P-NP (▼) 
particles in air. 
Thermogravimetric analyses (TGA) of silica particles were performed 
using a heating rate of 10 deg/min in air atmosphere from 40 °C to 800 °C 
(Figure 3.3). Three weight-loss regions were observed for all particles, and 
details are summarized in Table 3.2. As shown in Figure 3.3, all particles 
showed the first weight loss of about 5–8% below 150 °C, which could be due 
to the loss of adsorbed water.167 The second weight loss observed from 150 °C 
– 400 °C is due to decomposition of aliphatic chains attached to perylene and 
unreacted ethoxy groups on silane functional group. Third region of weight loss 
observed from 400 °C – 800 °C is explained as complete degradation of 
perylene core units and further dehydration of silica matrix. As expected, 
significant weight loss (~55%) was observed for P-NP nanoparticles in the 
region of 150 °C - 800 °C due to the complete degradation of large amounts of 
perylene derivatives incorporated inside the particles. P-NP nanoparticles after 
calcinations at 850 °C, under a nitrogen atmosphere, showed the presence of 
charred carbon residues.  All other silica nanoparticles showed white powder at 






Table 3.2. The weight loss observed from the thermogravimetric analysis of 











3.3.2. Photophysical Properties of Fluorescent Silica Nanoparticles  
The absorption and emission spectra of PDI-1 silane monomer dissolved 
in THF are shown in Figure 3.4a and Figure 3.4b. The PDI showed 
characteristic monomeric absorption peaks at around 460 nm, 480 nm, and 520 
nm in solution, which correspond to the 0-2, 0-1, and 0-0 electronic transitions. 
The monomeric emission spectrum observed in solution is the mirror image of 
the absorption spectrum observed in THF with peaks at 530 nm, 570 nm, and 
620 nm.171, 172 The photophysical properties of perylene silica nanoparticles (P-
ST, P-SF, P-NP) were investigated using spectrophotometric methods (Figure 
3.4) and are summarized in Table 3.3. The prepared nanosilica particles showed 
changes in their absorbance and emission properties depending on the 
concentration and orientation of the perylene molecules. All three series of silica 
nanoparticles showed an increase in intensity of the (0-1) vibronic band with 
respect to the 0-0 transition. This is typically observed for PDI chromophores 
stacked in H-type aggregates, where the fluorophores are cofacially arranged.173 
The ratio of intensities of the (0-0) and (0-1) transitions is often used as an 
indicator of the extent of the aggregation of the PDI chromophores.174, 175 The 
absorbance ratio of the two transitions (0-0 / 0-1) is 1.66 for monomeric PDI-1 
silane compounds in solution, which indicates that free PDI molecules are 
dispersed individually and that no aggregate formation is observed in solution.  
In the case of P-ST particles, the incorporation of PDI-1 into the silica 
network led to an increase in the intensity of the 0-1 transition when compared 
Particles 50 °C -150 °C 
(wt. loss %) 
150 °C-400 °C 
(Wt. loss %) 
400 °C-800 °C 
(Wt. loss %) 
P-ST1 8.7 1.3 2.3 
P-ST2 5.8 1.9 3.5 
P-SF 6.3 3.2 2.0 
P-NP 1.4 15.9 39.3 
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to the 0-0 transition, and the absorbance ratio from these two transitions (0-0/0-
1) was found to be 0.8, which indicates a significant aggregation of PDI inside 
the silica matrix (Figure 3.4a). By varying the level of PDI-1 concentration (P-
ST1, P-ST2) inside the silica matrix, changes in the emission maxima were 
observed when compared to the PDI-1 in THF solution (Fig. 3.4b). P-ST1 
particles showed two emission maxima; the one at 532 nm corresponds to the 
monomeric PDI-1 peak, and the other broad peak at 652 nm corresponds to the 
aggregated PDI-1 molecules inside the silica matrix (Figure 3.4b). Upon 
increasing the concentration of the PDI-1 in P-ST2, a more prominent single-
excimer peak was observed at 646 nm, due to a stronger pi-pi interaction and 
the formation of well-organized molecular aggregates.176 
    
Figure 3.4. The absorbance (a, c) and emission spectrum (b, d) of () PDI-1 
monomer, P-ST (P-ST1 (●), P-ST2 (▲), P-SF () dispersed in THF, and P-




















0.86 6 4.35 
P-ST2 (A0-1) 493, 
(A0-0) 532 
646 0.78 3.6 4.02 
P-NP (A0-2) 474, 
(A0-1) 494, 
(A0-0) 550 
666 0.54 1.8 5.38 
P-SF (A0-1) 497, 
(A0-0) 539 
640 0.85 4.7 3.38 
PDI-1 (A0-1) 485, 
(A0-0) 520 
530 1.51 70 3.33 
a
 Peak-to-peak ratio of the absorbance at (0, 0)/(0,1), PDI-1 in THF  
 
Similarly, P-NP silica nanoparticles that formed via the 
nanoprecipitation method displayed an interesting optical behavior when 
compared to P-ST and P-SF particles. The absorption spectrum of P-NP 
showed an increase in intensity of the 0-2, 0-1 than 0-0 transition peaks (Figure 
3.4c, Table 3.3). The absorbance ratio for the two transitions, 0-0/0-1, is 0.5, 
which indicates a high degree of ordering or packing of the perylene molecules 
inside the nanoparticles. The emission maximum for P-NP was observed at 666 
nm, with a red shift of 16 nm, compared to 640 nm from the P-SF particles 
(Figure 3.4d). 
Interestingly, P-SF particles showed an absorption spectrum similar to 
P-ST nanoparticles. The absorption intensity ratio A0-0 / A0-1 of P-SF was 
around 0.9, which implies the presence of a few perylene aggregates (Figure 
3.4c). The emission spectrum of P-SF showed an excimer maximum of around 
640 nm and a small shoulder peak of around 530 nm, indicating the presence of 
perylene aggregates on the surface of the silica nanoparticles (Figure 3.4d). The 
photophysical properties of all perylene-silica nanoparticles showed significant 
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changes in the absorption and emission spectra, depending on the concentration 
and organization of perylene molecules inside the silica lattice (Table 3.3). As 
expected, the excimeric peak of around 640 nm becomes predominant with an 
increase in the concentration of perylene molecules for all silica nanoparticles 
investigated.  
Besides the absorption and emission spectra, the fluorescence quantum 
yield and the fluorescence lifetime of particles were also measured177 and are 
summarized in Table 3.3. Decrease in quantum yield (Φ) was observed with an 
increase in the π-π stacking of perylene molecules in silica nanoparticles as 
shown for P-ST1 (6 %), P-SF (4.7 %), P-ST2 (3.6 %) and P-NP (1.8 %). The 
quantum yield of a dilute solution (i.e. no aggregation) of PDI in THF was 70 
%, but once the perylene molecules were encapsulated in silica matrix, the 
quantum yield decreased due to the formation of nonemissive aggregates.165 
The fluorescence lifetime measurement indicates that different chemical 
environments for perylene units existed inside the three types of silica 
nanoparticles. The PDI dissolved in THF had a lifetime of 3.33 ns, and the 
highest lifetime was observed for P-NP (5.38 ns) followed by P-ST1 (4.35 ns), 
P-ST2 (4.05 ns), and P-SF (3.38 ns). The observed increase in the lifetime of 
P-NP and P-ST can be attributed to two reasons, the formation of H-
aggregates178 and the difference in the chemical environments for perylene 
molecules inside the silica lattice. 
3.3.3. Steady-state Fluorescence Anisotropy Measurements in Solution 
The organization-dependent anisotropic nature on emission properties was 
investigated using silica nanoparticles to understand distribution of dyes inside 
or outside the silica nanoparticles (Figure 3.5). Fluorescence anisotropy (r) 
measured the degree of polarization of the emission obtained when a 
fluorophore was excited using polarized light. For measuring the anisotropy, 
Samples were excited with vertically (v) polarized light and emission intensity 
was measured parallel (v) or perpendicular (horizontal, h) with respect to the 
excitation polarized light. The emission intensities parallel (Ivv) and 
perpendicular (Ivh) with respect to the polarization of the light used for 
excitation were recorded and used to calculate the anisotropy (r) by using the 
Equation (3.3).179  
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r = I 8 I9I + 2I9
														3.3		 
Anisotropic measurements revealed the angular displacements of dye 
molecules that occur between the absorption and emission of photons. This 
angular displacement is dependent on the rotational diffusion of dye molecules 
during the lifetime of the excited state. Perylene diimide (PDI) dissolved in THF 
solvent (i.e. a disordered system) showed the lowest anisotropic effect (0.017), 
while P-NP (i.e. with high ordering) gave the highest anisotropic value of 0.65. 
Such values can be explained by the well-aligned arrangement of perylene 
molecules inside the silica matrix compared to the random arrangement of 
molecules in solution. To differentiate the behavior of perylene molecules with 
respect to the mode of functionalization, the optical properties of P-SF silica 
nanoparticles with perylene molecules incorporated on the surface were 
compared with the P-ST NPs with random arrangements of the perylene 
molecules (Figure 3.5). Unlike the PDI in solution, P-SF silica nanoparticles 
showed an anisotropic factor of ~0.25, but smaller than that of P-ST2 (0.58) and 
P-NP (0.65) particles.  
 
    
Figure 3.5. The fluorescence anisotropy (r) of the PDI molecule and the P-SF, 
P-ST1, and P-ST2 nanoparticles in THF, and P-NP nanoparticles in water. 
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The alignment of the dye molecules in nanoparticles can be measured 
by using solid-state polarized UV-Vis spectroscopy (Figure 3.6).180, 181 The 
experimental dichroic ratio (D) of the dye is defined as the ratio of the 
absorbance maxima of the dye in nanoparticles oriented parallel (A‖) and 
perpendicular (A⊥) to the incident polarized light as shown in Equation (3.4).182 
The observed dichroic ratios are used to measure the order parameter or 
anisotropic measurement of the dye (R), as shown in Equation (3.5).183 An 
anisotropic value of 1 indicates that the dye molecules are fully aligned, and a 
value of 0 indicates that the molecules have no alignment. 
= = 2∥2>                (3.4) 
? = 	@A@BC           (3.5) 
 
Polarized absorption spectra revealed that P-NP nanoparticles had a 
larger dichroic ratio of D = 4.2, from which the order parameter (R) of 0.5 was 
obtained. P-ST2 and P-SF nanoparticles had a dichroic ratio (D) of about 1.3 
and 1.4 respectively, with an order parameter of about 0.09 for P-ST2 and 0.1 
for P-SF nanoparticles. P-NP nanoparticles showed a high degree of anisotropy 
(R = 0.5) when compared to P-ST2 and P-SF nanoparticles, indicating that the 
molecules were more aligned inside P-NP nanoparticles and were randomly 




       
Figure 3.6. Polarized UV/Vis absorption spectra of perylene silica 
nanoparticles, (a) P-ST2, (b) P-SF, and (c) P-NP with the samples set parallel 
(‖, ■) and perpendicular (⊥, ●) to the polarizer. 
3.3.4. Amine Sensing Properties 
Perylene derivatives were explored for the sensing of amine vapors in 
the solid state and in solution184 due to their electron-deficient nature, high 
photostability, and solid-state emission properties. Perylene-incorporated silica 
nanoparticles were used to investigate the interactions with structurally different 
amines such as butylamine, triethylamine, diisopropylethylamine, and aniline. 
The percentage quenching efficiency was calculated from the fluorescence data 
using Equation (3.1). 
As expected, P-SF showed a higher quenching efficiency for amines 
when compared to P-ST1 and P-ST2 in solution (Figure 3.7a), and the spectra 
are provided in the supporting information (Figure S3.2-S3.4, Appendix). Such 
a response indicates that only the perylene present on the surface of the silica 
could sense the amines. The quenching mechanism can be attributed to the 
photoinduced electron transfer from the HOMO of electron-donor amines to the 
HOMO of the excited state of electron-deficient PDI molecules. Aniline showed 
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a higher quenching efficiency than other amines due to the favorable energy 
difference between the HOMO of aniline (-5.39 eV) to HOMO of PDI (-5.99 
eV), which facilitated a faster electron transfer from the aniline to the PDI 
molecules. Interestingly, P-NP particles showed a 96% quenching efficiency 
over other particles; this could be due to the enhanced exciton migration via 
intermolecular π-π interactions, indicating the well-organized packing of 
perylene molecules inside the P-NP nanoparticles, enabling amplified 
fluorescence quenching by the surface-adsorbed aniline molecules.185 Similarly, 
these nanoparticles were also used as a fluorescent probe for sensing biogenic 
amines such as phenylethylamine (PEA), ethylenediamine (EDA), and 
diethylenetriamine (DETA) in solution (Figure 3.7a and Figure S3.5, Appendix). 
The quenching efficiency for DETA was the highest when compared with EDA 
and PEA for all three silica particles (P-ST2, P-SF, P-NP). 
 
Figure 3.7. The percentage quenching efficiency of P-ST2, P-SF, and P-NP 
nanoparticles in sensing (a) butylamine, diisopropylamine, triethylamine, 
aniline, and biogenic amines such as phenylethylamine, diaminopropane, and 
diethylenetriamine in solution. (b) P-SF nanoparticles sensing biogenic amines 
both in the solution (~1 min) and vapor phase (24 hrs). (c) Reusability of P-ST2 
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particles for sensing amines in THF solution. The excitation wavelength was 
350 nm. 
As expected, P-SF nanoparticles showed the highest quenching 
efficiency for DETA (98%) when compared with P-ST2 (60%) and P-NP 
(20%). Functionalized P-SF nanoparticles showed higher quenching 
efficiencies when compared with P-STs and P-NPs, as most of the perylene 
molecules distributed within the silica matrix were not accessible for amines. 
P-SF showed a higher quenching efficiency for DETA over diaminobutane, due 
to a more favorable energy difference between the HOMO of DETA and the 
HOMO of the perylene molecules. The driving force for the photoinduced 
electron transfer was high for DETA, which facilitated efficient fluorescent 
quenching in solution. This indicates that P-SF silica nanoparticles can 
selectively sense DETA in the presence of other amines. 
Figure 3.7b shows the comparison of P-SF particles when sensing 
amines in the solution phase (~1 min) and when exposed to amine vapor for 24 
hours. All particles showed a high quenching efficiency towards amines after 
the 24-hr exposure in a vapor state (summarized in Appendix Figure S3.6).  For 
example, the quenching efficiency for P-SF nanoparticles in the presence of 
diaminobutane was 60% in the solution phase, and was just 10% in the vapor 
phase (the exposure time to amine in both cases was one minute). Accordingly, 
the diaminobutane–perylene particle interaction/quenching in THF is more 
effective than when in vapor phase, as the quencher (the amine) strongly 
interacts with the perylene on the surface of the particles in solution.  
As a proof of concept, the reusability of perylene silica nanoparticles 
was explored after washing of nanoparticles with THF and drying them in an 
oven at 70 °C for 24 hours (Figure 3.7c). The reusability results are summarized 
in Appendix Table S3.1. All perylene silica nanoparticles showed consistent 
quenching efficiencies after repeated cycles, indicating that such nanoparticles 






Here we report the synthesis and characterization of three optically 
anisotropic silica nanoparticles with significant differences in the organization 
of perylene molecules inside the silica matrix. In the P-ST particles, perylene 
derivatives were randomly distributed and organized inside the silica lattice by 
varying the composition of the starting materials, and the random 
copolymerization of perylene silanes with TEOS. In the P-NP particles, a PDI-
1 was homopolymerized to accommodate a pi-pi stacking-induced organization 
inside the silica lattice and in P-SF; prepared silica particles were post 
functionalized using monofunctional PDI-2 on the surface. The structural 
organization of the perylene molecules inside the silica nanoparticles was 
established using UV-Vis absorption spectroscopy, emission spectroscopy, 
fluorescence anisotropy, lifetime measurements, polarized spectroscopy studies, 
and solid-state absorption anisotropy. P-NP showed a high degree of anisotropy 
and a red shift in the excimeric peak at 666 nm when compared with the P-ST 
(646 nm) and P-SF (640 nm) nanoparticles, indicating a higher degree of 
organization and a H-aggregate formation within the P-NP nanoparticles. All 
silica nanoparticles were explored for the detection of amines in the solution 
and the vapor phase. As expected, P-SF and P-NP particles showed the highest 
quenching efficiency for aniline (~80-90 %) when compared to P-ST 
nanoparticles, due to the easy access of electron-deficient perylene for the 
amines. All nanoparticles can be efficiently regenerated and reused, without 
































SYNTHESIS AND CHARACTERIZATION OF 
SUPERHYDROPHOBIC, SELF-CLEANING  













Silica nanoparticles are used in medical, biological, and chemical 
industries owing to their low toxicity, chemical inertness, optical transparency, 
and biocompatibility.162, 186 Dye-doped silica nanoparticles are designed and 
tested for potential uses in biomedical and coating applications12, 187 due to their 
highly desirable properties, which include excellent photostability, tunable 
optical properties, controllable size, thermal and environmental stability, and a 
large surface area to volume ratio.188  
Perylene derivatives have been identified as fluorophores with a high 
fluorescence quantum yield, good photostability,189 and a high molar extinction 
coefficient (105 M-1 cm-1 for isolated perylene bisimide chromophores)190 owing 
to their planar and highly conjugated structure. Furthermore, the high 
reflectance in the NIR region of the electromagnetic spectrum allows the 
incorporation of thermal insulating properties into materials.191 Organic NIR 
absorbers have a wide range of applications, such as invisible inks, NIR 
readable bar codes, laser welding of plastics, laser induced thermal curing,192 
and energy saving applications.193 The NIR reflectance originates from the high 
refractive index of the perylene derivatives, and is also influenced by the 
substituent groups.191, 193 NIR fluorescent nanoparticles are useful as they 
provide negligible background fluorescence and low inner filtration interference 
in complex biological systems, such as whole blood,51 and can be used as 
substrates for the characterization of enzymatic processes.194  
The observed hydrophobicity of the lotus leaf surface has led to 
extensive research into the development of hydrophobic surfaces that arise from 
hierarchical structures.195 For example, fabric coated with dye incorporating 
silica nanoparticles was tested for durability and wash fastness,196 as well as the 
change in its hydrophobicity with time.197-199 It was found that the high degree 
of hydrophobicity to surface coating reduced bacterial attachment, leading to 
antimicrobial nanoparticles.200 
Inorganic materials with NIR reflectance properties and super 
hydrophobicity, such as aluminum, zinc, and titanium-based metal oxides, have 
been synthesized and reported in literature.201, 202 Organic fluorophores with 
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high reflectance in the NIR region are rare, and their incorporation into a 
nanoparticle lattice offers many advantages including low cost, biocompatiblity, 
and ease of accessibility. Consequently, the unique combination of 
hydrophobicity and NIR reflectance of such nanoparticles has led to the 
production of diverse and multifunctional materials with interesting 
applications. 
Herein, we are attempting to understand the relationship between 
surface molecular organization and the overall properties of the particle. We 
report surface functionalization of silica nanoparticles with perylene derivatives 
and alkyl chains to understand the significance of molecular arrangement to the 
overall properties of particles. Three types of functionalized silica nanoparticles 
are used in this study: the first with different concentrations of perylene 
functionalized molecules (P1 – P3); the second with both perylene and 
octadecyl groups at different molar ratios  
(PT-1, PT-2); and the third with only octadecyl groups (T1) on the surface. This 
paper addresses questions including: is it possible to control surface 
morphology using aggregation of perylene, which in turn influences the 
properties of the particles?; and what is the role of a mixture of perylene and 
aliphatic long chain molecules in the structure-property relationship of the 
nanoparticles? It is conceivable that flexible octadecylsilyl molecules may fill 
the gaps between the perylene aggregates on the particle surface (PT-1, PT-2) 






                    
Figure 4.1. Cross sectional view of the conceptualized structures of the three 
silica nanoparticles prepared during this study. Full composition of each of these 
nanoparticle is given in Table 4.1. 
 
4.2. Experimental Section 
4.2.1. Materials  
Tetraethylorthosilicate (TEOS), (3-aminopropyl)triethoxysilane 
(APTES), trimethoxy(octadecyl)silane (TMODS), and perylene-3,4,9,10-
tetracarboxydianhydride were obtained from Sigma Aldrich. Aqueous ammonia 
solution (25%) was obtained from Merck. All chemicals and solvents used in 
the experiments were analytical grade, and did not undergo further purification.  
4.2.2. Characterization 
Nuclear magnetic resonance (1H NMR) spectra were recorded on a 
Bruker Avance AV300 (300 MHz) NMR instrument, using CDCl3 as the 
solvent. Absorption and emission spectra were measured on a UV-1601PC 
Shimadzu spectrophotometer and RF-5301PC Shimadzu 
spectrofluorophotometer. A Bruker ALPHA FT-IR spectrophotometer was used 
for Fourier transform infrared (FT-IR) spectroscopy analysis. 
Thermogravimetric analyses (TGA) were conducted using a SDT 2960 TA 
instrument. All samples were heated under a nitrogen atmosphere, ranging from 
25°C to 800°C, using a heating rate of 10°C/min. FT-IR spectra were recorded 
in the range of 3800 - 400 cm-1 using a Varian Excalibur 3100. Samples were 
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mixed with KBr powder and ground in an agate mortar prior to being pressed 
into a disc for recording the spectrum.  
4.2.3. Contact Angle Measurement  
The macroscale contact angle measurements were carried out using the 
video-based fully automated data physics optical contact angle microlitre 
dosing system (OCA 40 Micro, Germany). Deionised water drops (1μl/drop) 
with known surface tension were dispensed using Teflon coated motor driven 
syringe. The contact angles were measured at be measured at 22 °C and 45% 
RH conditions and a video was recorded (72 frames/second) for every dispensed 
solvent droplet. Any dynamic changes to the droplet on the surface could be 
precisely observed through this method.203 
Functionalized silica nanoparticles (0.005 g) were dispersed in THF  
(2 ml) and sonicated for 10 minutes. TLC plates were then dip-coated in the 
silica nanoparticle dispersion and allowed to dry at room temperature. This 
procedure was repeated several times until a uniform coating was achieved.  
For coating on glass cover slips, the surface was cleaned with an aqueous 
NaOH solution (10%), and then dried prior to drop casting the solution of silica 
nanoparticles in THF.  
Finally, a gradient coating of functionalized silica nanoparticles on a 
strip of filter paper (0.5 x 1.0 cm) was achieved by touching one end of the paper 
to the nanoparticle solution, allowing the capillary action to draw the solution 
into the paper. During the rise of the solution through the paper, the solvent THF 
tended to evaporate, thus depositing the particles on the paper. This process 
allowed us to create a gradient coating with more nanoparticles at the end of the 
paper closer to the solution and fewer particles at the other end. As the 
nanoparticles were red in color, the capillary gradient coating was visible to the 
naked eye. Three sections of the coated filter paper, with high, medium, and low 
concentrations of nanoparticles, were then tested to demonstrate how the degree 




4.2.4. NIR Reflectance Measurement  
The NIR diffuse reflectance of the glass substrate coated with silica 
nanoparticles was measured using a UV-Vis-NIR spectrophotometer 
(Shimadzu, UV-3600) with an integrating sphere attachment (ISR-3100). The 
NIR reflectance measurements of the samples were performed within the 
wavelength range of 700 – 2200 nm.  
4.2.5. General Procedure for Functionalization of Silica Nanoparticles 
Silica nanoparticles (100 mg) dispersed in dry toluene (10 mL) under a 
nitrogen atmosphere were treated with PDI-2 and/or TMODS at different ratios 
to functionalize the surface (see Table 4.1). The mixture was refluxed under 
constant stirring at 90°C for 24 hours, centrifuged to obtain the solid, and 
washed with THF to remove unreacted silane precursors before drying. 
Table 4.1 provides a summary of the amount of reagents used for the 
synthesis of functionalized nanoparticles, where P-1, P-2 and P-3 refer to 5, 10, 
and 21 wt% of PDI-2, respectively, in the solution; PT-1 and PT-2 refer to a 
1:0.01 and 1:1 molar ratio of PDI-2 to TMODS reagents, respectively; and T-1 





Table 4.1. Amount of reagents used for the synthesis of different batches of 
functionalized nanoparticles and the intensity ratios for the first and second 
absorption peaks of perylene silica nanoparticles compared to reference PDI-2 



















P-1 5.0 0 5 523 534 1.04 6% 
P-2 10.0 0 10 490 530,62
8 
0.99 5% 
P-3 21.0 0 21 494 650 0.78 8.2% 
PT-1 18.0 0.13 1:0.01 491 638 0.75 9% 
PT-2 18.0 12.8 1:1 490 630 0.89 11.3
% 




- - - 526 530 1.6# - 
(*) Wt% refers to amount of PDI-2 taken to functionalize on 100 mg of silica 
nanoparticles, ratio implies molar ratio of the two silanes used for the synthesis.  
#values from solution measurement and, for all cases, 100 mg of silica particles 
were used to start the reaction;; absorbance ratio = A0-0/A0-1,  
TGA (% wt. loss) = 150 – 800ºC. 
 
4.3. Results and Discussion 
4.3.1. Synthetic Strategy and Characterization of Functionalized Silica 
Nanoparticles 
Silica nanoparticles were synthesized using the reverse microemulsion 
method168 (see Appendix, S4.1) and fully characterized. Monodispersed silica 
nanoparticles were obtained with a narrow size distribution of around 40 nm 
(Figure 4.2a).  
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Figure 4.2. SEM image of monodispersed pristine silica nanoparticles  
(a) before functionalization; and (b) after functionalization.  
PDI-2 precursors were synthesized using a reported procedure137, 166 (see 
Appendix S4.2 and S4.3) and covalently attached to the surface of the silica 
nanoparticles. Different molar ratios of PDI-2 and TMODS were functionalized 
onto the surface (Table 4.1). SEM images show no difference in surface 
morphology before (Figure 4.2a) and after functionalization (Figure 4.2b) on 
silica nanoparticles.  
The FTIR spectra of the functionalized silica nanoparticles were 
recorded in the range of 500 – 4000 cm-1 in the KBr matrix (Figure 4.3). Pristine 
silica nanoparticles were used as a control. The peaks observed at 3448 cm-1 
and 1630 cm-1 correspond to stretching vibrations of the surface O-H groups of 
the silica nanoparticles. The peaks at 1096 cm-1, 950 cm-1, and  
795 cm-1 correspond to Si-O-Si, Si-OH, and Si-O bonds, respectively. 
Compared to unfunctionalized silica nanoparticles, the alkyl group-incorporated 
particles PT-2 (1:1 molar ratio PDI-2 to TMODS) and T1 showed additional 
peaks at 2929 cm-1 and 2855 cm-1, which corresponds to –CH stretching 
vibrations of alkyl groups. The perylene-incorporated particles  
(P-1 to P-3, and PT-1, PT-2) showed peaks at 1691 - 1644 cm-1 for imide C=O 
stretching, and 1596 cm-1 for aromatic C=C stretching vibrations. These results 
suggest that the perylene and octadecyl moieties were successfully 
functionalized onto the surface of the silica nanoparticles.    
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Figure 4.3. FTIR spectra (a) of (i) SiO2 NPs, (ii) T-1 (TMODS), (iii) P-1  
(5 wt% PDI-2), (iv) P-3 (21 wt% PDI-2), and v) PT-2 (1:1 molar ratio of PDI-
2 to TMODS) functionalized silica nanoparticles. The marked region in (a) is 
expanded to show the peaks (b); (IR spectra of P-2 and PT-1 NPs are provided 
in Figure S4.1a, Appendix).   
Thermogravimetric analyses (TGA) of the functionalized silica 
nanoparticles were carried out under a nitrogen atmosphere with a heating rate 
of 10ºC/min in the range of 50 - 800ºC (Figure 4.4), and the results summarized 
in Table S4.1, Appendix. All TGA traces exhibited a three-stage degradation 
process. The first step of degradation was observed below 150ºC, corresponding 
to the loss of adsorbed water molecules. The second mass loss was observed in 
the range of 150 - 400ºC, which can be attributed to the decomposition of 
organic groups and the loosely-bound Si-(OR) group. The third mass loss 
observed, in the range of 400 - 800ºC, was due to the degradation of both the 
organosilicate framework and the PDI groups on the surface of the particles.204 
TMODS functionalised (T-1) and PDI-2 functionalised (P-1, P-2, P-3) 
nanoparticles showed a 4 %, 5 % and 6 % weight loss, respectively, below 150 
ºC compared to the pristine silica nanoparticles (8 %). Such a difference (less 
weight loss) for functionalised silica nanoparticles can be explained by the fact 
that the surface hydroxyl group of silica nanoparticles are removed during the 
functionalization with TMODS and PDI-2 molecules. When the temperature 
was further increased from 150 – 800 ºC, T-1 and P-3 nanoparticles showed a 
10.5 % and 8.2 % weight loss, respectively, which can be explained as the loss 
of organic moiety grafted on the silica surface. Further, PT-1 and PT-2 showed 
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weight loss of 9 % and ~ 11 %, respectively. These results are also supported 
by the elemental analysis (Table S4.1, Appendix). 
    
                                                                 
Figure 4.4. TGA traces of unfunctionalized () and functionalized silica 
nanoparticles, () T-1, () P-1, (▼) P-3, and () PT-2 (see TGA traces of P-
2 and PT-1 NPs in Figure S4.1b) 
4.3.2. Photophysical Properties of PDI Functionalized Silica Nanoparticles  
The absorption and emission spectra of PDI-2 and TMODS 
functionalized silica nanoparticles dispersed in THF are shown in Figure 4.5.  
The PDI-2 precursors showed characteristic absorption peaks around 
459, 489, and 526 nm, corresponding to the S0 - S1 transition with a well-
resolved vibronic structure from 0-0, 0-1, 0-2, and 0-3 transition, 
respectively.165 The absorption spectra of the PDI-2 functionalized silica 
nanoparticles were broad, with an inversion in peak intensities of 0-1 and 0-0 
transition, compared to the free PDI-2 precursor in THF solution  
(Figure 4.5a). The ratio of absorbance intensities of the 0-0 and 0-1 transitions 
are often used as indications to determine the extent of aggregation.174 The  
A0-0/A0-1 ratio from the absorption spectra of the PDI-2 precursor in THF was 
found to be ~1.6, which suggests the presence of free monomeric molecules in 
the THF solution.175 When PDI-2 was functionalized onto the surface of the 
silica nanoparticles, the A0-0/A0-1 ratio was found to decrease with an increase 
in the concentration of perylene on the surface  and was 1.04 for P-1 (5 wt % 
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PDI-2), 0.99 for P-2 (10 wt % PDI-2) and 0.79 (21 wt % PDI-2) for P-3 
nanoparticles.  
A strong vibronic coupling of H-aggregates results in an increased 
intensity of the (0-1) vibronic band relative to the (0-0) transition band. Based 
on the absorbance intensity ratio, the PDI-2 molecules on the surface of the P-
3 particles are more aggregated than those on the P-2 and P-1 particles. This is 
expected, owing to the higher concentration of PDI-2 molecules present on the 
surface of the P-3 particles. The introduction of PDI-2 and TMODS in the molar 
ratios of 1:0.01 (PT-1) and 1:1 (PT-2) led to changes in the aggregation of the 
PDI-2 molecules on the surface (Figure 4.5c). The A0-0/A0-1 ratio from the 
absorption spectra of PT-2 particles was found to be 0.89, which is slightly 
higher than that for PT-1 nanoparticles (0.75). 
 
     
Figure 4.5. Normalized absorbance (a, c) and emission spectra (b, d) of () 
PDI-2 precursor, () P-1 (5 wt% PDI-2), () P-2 (10 wt% PDI-2), (▼) P-3 
(21 wt% PDI-2), () PT-1 (1:0.01 molar ratio PDI-2 to TMODS), and () PT-
2 (1:1 molar ratio PDI-2 to TMODS) functionalized silica nanoparticles 
dispersed in THF, excited at 350 nm. 
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In order to understand the aggregation and arrangement of molecules on 
the surface, the emission spectra of all particles were analyzed and compared 
with the solution spectra of PDI-2. The emission spectrum of PDI-2 precursor 
in THF solution showed characteristic non-aggregated multiple maxima at 530, 
568, and 618 nm (Figure 4.5b). Significant changes in the emission spectra of 
PDI-2 molecules were observed after functionalization on the surface of silica 
nanoparticles (Figure 4.5b). The nanoparticles with low concentrations of PDI-
2 (P-1) showed emission spectra similar to the PDI-2 precursor in solution. With 
an increased concentration of PDI-2 on the surface of the silica nanoparticles, a 
new broad peak with a maximum of around 650 nm was observed for P-3 
nanoparticles, which is similar to the observed peak for aggregated PDI-2 dyes 
in solution (650 nm).205 This suggests that the variations observed in the 
emission maxima of particles with different PDI-2 concentrations are related to 
the aggregation of molecules on the surfaces; which allows fine tuning of the 
emission color from yellowish green to bright pink (Figure S4.2, Appendix). 
The variation in emission properties of PDI-2 on the surface of silica 
nanoparticles arises from the formation of distorted H-aggregates with an 
increase in PDI-2 concentration.206 
Interestingly, the PT-1 (λemiss = 638 nm, ∆P3-PT-1 = 12 nm) and PT-2 
(λemiss = 630 nm, ∆P3-PT-2 = 20 nm,) particles, functionalized with both PDI-2 
and alkyl groups, showed a blue shift in emission peaks with respect to P3 
particles (λemiss = 650 nm), indicating a higher distortion of H-aggregates caused 
by the presence of long alkyl octadecylsilane groups (TMODS) on the surface, 
as shown in Figure 4.5d. 
4.3.3. Characterization of Superhydrophobic Properties  
The wetting ability of surfaces coated with functionalized silica 
nanoparticles can be observed with the use of highly polar substrates such as 
filter paper or silica-gel TLC plates (Figure 4.6). A commercially available TLC 
plate was selected to represent a highly hydrophilic rough surface. As expected, 
when the water droplet was placed on the unmodified commercially available 
silica-gel TLC plate, complete absorption and spreading of the water droplet on 
the surface was observed, indicating a superhydrophilic surface. In contrast, the 
P-3 coated TLC plate surface was hydrophobic (CA ~ 137.2°, Figure 4.6a), and 
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the PT-2 coated surface was superhydrophobic, repelling the water droplet 
completely (CA ~ 156°, Figure 4.6b).  
In order to further demonstrate the superhydrophobic effect of silica 
nanoparticles, a concentration gradient dependent hydrophobilicty model was 
developed. One end of a long piece of filter paper of known length was dipped 
in THF solution of the dispersed PT-2 NPs for certain period of time to achieve 
a concentration gradient effect across the filter paper. The concentration 
gradient was formed through a combination of capillary force mediated wetting 
of the paper and movement of solution upward from the solution front, along 
with continued evaporation of the solvent THF from the surface of the paper. 
After drying at room temperature, the hydrophobicity was measured using water 
drop test method (Figure 4.6c). 
                                                                        
Figure 4.6. Image of water droplet on the surface of (a) P-3, and (b) PT-2 
coated silica-gel TLC plate. Inset shows corresponding image of water droplet 
taken during contact angle measurements, where droplet does not stick to the 
surface coated with PT-2 NPs. Effect of concentration gradient of PT-2 (1:1 
molar ratio PDI-2 to TMODS) silica nanoparticles coated on filter paper held 
(c) parallel and (d) perpendicular to the surface in the presence of water droplet. 




The lower region of the filter paper was observed to exhibit a 
superhydrophobic character, with the water droplet rolling off the surface of the 
coated filter paper when tilted (Figure 4.6d). In other regions of the filter paper, 
however, including areas with a low concentration of nanoparticles, the water 
droplet stuck to the surface even when the paper was tilted, owing to the low 
concentration of nanoparticles. Finally, at the completely hydrophilic region of 
the surface, the water droplet was absorbed upon contact. This indicates that the 
variation in hydrophobicity and wetting ability is directly proportional to the 
presence of PT-2 NPs on the surface of the paper. 
The level of superhydrophobicity is dependent on the surface energy and 
roughness of the sample. SEM images of the paper after coating with nanosilica 
particles (PT-2) showed distribution of PT-2 nanoparticles on the surface of the 
paper (Figure 4.6f), in contrast to pristine paper (Figure 4.6e). In general, 
superhydrophobicity is significantly enhanced when the hydrophobic surface 
has a hierarchical structure with a combination of both nanometre and 
micrometre-sized roughness.207 
Contact angle measurements were performed on two types of substrates: 
cleaned glass cover slips and silica-gel TLC plates, using goniometer 
measurements, as summarized in Table 4.2. Changes in contact angle values 
were observed on the glass surface when coated with functionalized silica 
nanoparticles. A clean glass surface provided a contact angle of only ~55.7°, 
and coating with alkyl silanes increased the contact angle to ~105°, with a 
further increase to >150° after coating with PT-2 NPs. This increase in contact 
angle can be attributed to the rough micro-nanomorphological pattern obtained 
on the surfaces; as well as the presence of PDI-2 and TMODS species on the 
surface of the nanoparticles, which reduces the surface energy of the particles.  
The contact angle values for nanoparticle-coated TLC plates were 
higher, however, due to the additional surface roughness provided by the 
presence of porous silica on the surface (Figure S4.3, Appendix). SEM 
micrographs of a TLC plate showed a random distribution of silica clumps of 
size around 8 - 22 µm with random pores (Figure S4.3a, Appendix), and coating 
of the functionalized silica nanoparticles led to a relatively less porous surface 
(Figure S4.3b, Appendix). As expected, the commercially available TLC plates 
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were found to be superhydrophilic with complete absorption or spreading of 
water at a contact angle (CA) of ~0°. After coating of the plates with 
functionalized silica nanoparticles, an increased contact angle value was 
observed, similar to the results obtained with the particle coating of paper. T1 
particles showed a CA of 144° and a sliding angle of 25°. Similarly, PDI-2 
functionalized silica NPs (P3) coated TLC plates showed a CA of ~137°. Thus, 
the PT-2 coated TLC plates displayed a different behavior from the T1 and P3 
coated TLC plates. The PT-2 coated TLC plates exhibited non-sticky, water-





Table 4.2. Contact angles and sliding angles (CA and SA) of glass slide and 
silica-gel TLC plate substrates coated with functionalized silica nanoparticles 
#Control samples are bare glass cover slip and silica-gel TLC plate; P-3, PT-2, 
functionalized silica nanoparticles; T-1 refers to TMODS functionalized silica 
nanoparticles. *as per reference 207. 
Video footage using a high speed camera (Figure 4.7) further 
demonstrated the water-repellent properties of the nanoparticle-coated surface. 
Samples 
Contact angle for 
coating on glass slide 
Contact angle for coating 
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On touching the PT-2 coated surface, the kinetic energy of the droplet was 
transformed into vibrational energy, leading to the anisotropic bouncing of the 
water droplet without allowing it to rest in the Cassie state (Figure 4.7a).29 As a 
control, the same experiment was performed with a T-1 (TMODS) coated 
surface (Figure 4.7b). In contrast to the PT-2 system, when the water droplet 
fell onto the T-1 coated surface it did not rebound from the surface.  
 
                                             
Figure 4.7. Selected stills showing the anisotropic bouncing of a water droplet 
on a (a) PT-2 and (b) T-1 coated TLC plate in a 30 ms time frame. 
The wettability of a material is often attributed to a low surface free 
energy and a high degree of roughness.208 The ‘lotus effect’ explains how a 
hierarchical structure with micro and nanoscale roughness can be super 
hydrophobic, with small nanostructures creating an extremely non-sticky, 
water-repellent surface.207 Higher magnification SEM images (Figure S4.3b) of 
both P3 and PT-2 coated TLC plates showed a similar distribution of silica 
nanoparticles on the surfaces of the TLC plates. Thus, the hydrophobicity 
observed for all functionalized silica NPs (T-1, P-3 and PT-2) coated TLC 
plates is due to the micro/nanoroughness achieved by the assembly of 
functionalized silica nanoparticles in silica clusters. As described in the Cassie-
Baxter model,209 the distribution of nanoparticles introduces nanoporosity, 
where air trapped between the particles enhances the hydrophobicity. In 
addition, micro-nanoscale roughness is achieved by the assembly of multiple 
layers of nanoparticles (Figure 4.8a). Similar to the lotus leaf, the PT-2 coated 
surface possesses a hierarchical structure, with multiple layers of surface 




4.3.4. NIR Reflectance of PDI Functionalized Nanoparticles 
Approximately 52% of all ultraviolet radiation that reaches Earth is 
within the near infrared region (700 – 2300 nm) of the electromagnetic spectrum, 
and the absorption of radiation within this region will eventually lead to heat 
gain in objects.205, 210 As a countermeasure, NIR reflective colorants are used as 
an effective means of reflecting such radiation. Since perylene derivatives have 
shown NIR reflectance,191, 193 it is conceivable that PDI-2 functionalized silica 
nanoparticles may also exhibit such properties.  
The diffuse reflectance results obtained from PDI-2 functionalized silica 
nanoparticles (P-3) coated on a glass substrate, using Teflon as a reference, are 
provided in Figure 4.8b. A narrow 1100 nm wavelength radiation was selected 
for our experiment.201 From the data obtained (Figure 4.8c), PDI-2 
functionalized silica nanoparticles showed NIR reflectance of up to 52%, in 
contrast to pristine silica nanoparticles with NIR reflectance of 28%. 
Additionally, a glass substrate coated with PDI showed maximum reflectance 
(80%), in accordance with previous literature.191, 193 Such increased NIR 
reflective properties, after functionalization of nanoparticles with PDI-2, could 




   
Figure 4.8. (a) Cartoonistic representation of water droplet on the surface of the 
PT-2 nanoparticle coated TLC surface (objects are not to scale); (b) NIR 
reflectance (%) of i) glass cover slip, ii) unfunctionalized silica nanoparticles, 
iii) P-3 (21 wt% PDI-2), iv) perylene diimide (PDI), drop cast on a glass cover 
slip in the range of 800 - 2200 nm; plot of NIR reflectance (%) of (c) different 
materials drop cast on glass cover slip, and (d) SiO2 and PT-2 (1:1 molar ratio 
PDI-2 to TMODS) nanoparticles, drop cast on a glass cover slip at different 
concentration 5 mg/ml nanoparticles in THF recorded at 1100 nm. 
The concentration-dependent NIR reflectance studies were carried out 
on PT-2 silica nanoparticles and, as a control, were compared to studies of 
pristine silica nanoparticles coated on a glass substrate (Figure 4.8d). The 
maximum reflectance (50%) was obtained from PT-2 NPs, with pristine silica 
nanoparticles showing only 15% reflectance for the same amount (0.75 mg) of 
nanoparticles dispersed on a glass cover slip. Further optimization of 
experimental variables, such as the size of nanoparticles, the concentration of 
PDI-2 on the surface, and coating processes, is currently in progress to optimize 
the NIR reflective properties. From the preliminary experiments, it is noted that 





Six functionalized silica nanoparticles were synthesized, fully characterized and 
properties were investigated. The absorption and emission spectra of the 
samples showed correlation with the amount of perylene diimide (PDI-2) 
groups incorporated on the surface of the silica nanoparticles. Increasing the 
concentration of PDI-2, for example, led to a red shift in absorption maxima, 
changes in peak intensities and loss of vibrational fine structure demonstrating 
the aggregation induced formation of excimeric state. By using a mixture of 
PDI-2 and TMODS on silica nanoparticle surface, the aggregation of PDI-2 and 
organic molecule coverage on the particle surface were modulated. Among the 
six types of nanoparticles prepared, PT-2 showed the maximum coverage and 
fascinating properties. Pristine silica nanoparticles were hydrophilic (CA = 0°) 
and PDI-2 functionalized nanoparticles showed hydrophobicity (CA = 137.2°). 
However, co-immobilization of the PDI-2 and TMODS on the surface of 
particles led to superhydrophobic nanoparticles (PT-2) with a CA of > 150° and 
a sliding contact angle (SA < 10°). The high hydrophobicity of the PT-2 is 
explained based on the effective coverage of the surface with organic molecules. 
Furthermore, the high NIR reflectance of PDI-2 derivatives was used towards 
developing silica nanoparticle coatings with more than 80% NIR reflectance. In 
conclusion, here we report the successful synthesis of a fluorescent, super 
hydrophobic, self-cleaning NIR-reflective silica nanoparticles for coating on 

























FUNCTIONALIZED 2D SILICA FORMED AT THE 
LIQUID-LIQUID INTERFACE : SYNTHESIS, 






















Interfacial polymerization, or interfacial polycondensation, has been 
gaining popularity over bulk polymerization in recent years owing to its wide 
range of applications in membrane technology211, 212 and catalytic 
applications.213 Polyamides214 and polyureas215 are widely used for preparing 
thin or unimolecular films, and are prepared using interfacial polymerization 
due to the resultant high flexibility and thermal stability.216, 217 Interfacial 
polymerization is a process involving the polycondensation of reactants at the 
interface of two immiscible phases (i.e., air-water or liquid-liquid), under 
normal temperature and pressure conditions, to yield a thin, dense polymer 
film.218-220 Such controlled polymerizations are widely used to prepare two-
dimensional organic polymers; however only a small number of studies have 
been carried out on the formation of structurally organized films using 
organic/inorganic molecules as building blocks.221, 222 
Porous silica films are used for anti-reflective coatings223 and as 
membranes for molecular separations.224, 225 Typical methods for the 
preparation of silicate films include the chemical vapor deposition method 
(CVD)226-228 or the sol-gel method, followed by dip-coating,229, 230 spin-
coating,231, 232 and spray-coating.233 These methodologies produce silica films 
which are highly homogeneous and of uniform thickness. The coating must be 
carried out using a filtered sol-gel solution, clean substrates, and a clean room 
environment to avoid contamination. Thus, a simple and cost effective 
methodology is required to prepare homogeneous silica film for practical 
applications. Liquid-liquid interface conditions have been exploited for the 
synthesis of silica films from methyltrimethoxysilane,234 and mesoporous silica 
films have been prepared for various applications.235 
In this study, structurally oriented, optically anisotropic silica films were 
prepared at the liquid-liquid interface, and orientation-dependent optical and 
wetting properties were measured (Scheme 5.1). This methods offers the unique 
advantage of enabling the incorporation of desired molecules at different 
concentrations without changing the direction of molecular orientation (i.e., ⊥ 
to the plane of the film) during the synthesis of silica film at the liquid–liquid 
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interface. Factors such as concentration, molecular structure, intermolecular 
interaction, and aggregation properties were used to control the organization 
and distribution of individual molecules inside the film. Also, we investigated 
the structure-property relationship of silica films prepared from octadecyl silane 
and perylene silane (PDI-2) molecules. Octadecyl silica films (O-Si) displayed 
hydrophobic properties on one side and hydrophilic properties on the other side. 
The molecular orientation-dependent optical properties of perylene silica film 
(P-Si) and the hybrid octadecyl-perylene silica films (POx-Si) were investigated 
in detail.  
    
                                                                            
Scheme 5.1: Molecular structure and schematic illustration of the general 
structure and formation of (a) O-Si, (b) P-Si, and (c) POx-Si, at the interface of 
two immiscible liquids. 
                                    
5.2. Experimental Section  
5.2.1. Materials 
Trichloro(octadecylsilane), octadecyltrimethoxysilane, and 
polyethylenimine (PEI, 50%) were obtained from Sigma Aldrich. Ammonia 
solution (25%) was obtained from Merck, and N-(2-ethylhexyl)-N’-(3-
(triethoxysilyl)propyl)perylene-3,4,9,10-tetracarboxylic diimide silane 
precursor (PDI-2), was synthesized using the method provided in a known 
literature report.166  Molecular structures of the starting materials are provided 
in Figure S5.1, Appendix. All chemicals and analytical grade solvents were used 
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for the experiments as received. Deionised water was used in all experiments to 
dissolve the ammonia and PEI in the aqueous layer. 
5.2.2. Preparation of Octadecyl Silica (O-Si) Film 
In a typical procedure, chloroform (10 mL) and water (10 mL) were placed in a 
25 mL transparent plastic container and allowed to stabilize for a few minutes. 
Octadecyltrichlorosilane (0.031 mL) was slowly injected into the chloroform 
(CHCl3) solution, followed by the addition of a 2 wt% polyethylenimine (PEI) 
solution into the aqueous layer above the CHCl3 solution. Polyethylenimine 
(PEI, 2 wt%) in aqueous layer was used as catalyst to hydrolyze chlorosilanes 
to silanols (-Si-OH) at the interface, followed by the condensation of Si-OH 
groups to form two dimensional Si-O-Si network structures. Such interface 
reaction leads to well aligned silica films with hydrophobic organic groups 
placed in the CHCl3 layer. The system was maintained at room temperature to 
allow for film formation at the interface. The white film formed at the interface 
after 30 minutes was collected, thoroughly washed with water, dried, and used 
for full characterization and property investigation.  
5.2.3. Preparation of Perylene Silica (P-Si) Film 
The perylene silica film was prepared by placing chloroform (5 mL) and 
water (5 mL) into a 25 mL capacity beaker. N-(2-Ethylhexyl)-N’-(3-
(triethoxysilyl)propyl)perylene-3,4,9,10-tetracarboxylic acid diimide (labelled 
as PDI-2 precursor, 5 mL, 2 mM) and ammonia solution (5 mL, 2 M) were 
added to the CHCl3 and water layers, respectively, and maintained at room 
temperature. The film formed at the interface after 24 hours was collected, 
washed with water, and dried at room temperature for further characterization. 
5.2.4. Preparation of Hybrid Perylene-Octadecyl Silica (POx-Si, x = 1, 10, 
100, 1000) Film 
For the preparation of octadecyl-perylene silica film, a mixture of N-(2-
ethylhexyl)-N’-(3-(triethoxysilyl)propyl)perylene-3,4,9,10-tetracarboxylic acid 
diimide (i.e., PDI-2 precursor) and octadecyltrimethoxysilane (i.e., 
octadecylsilane), in molar ratios of 1:1, 1:10, 1:100 and 1:1000, were dissolved 
in a CHCl3 solution (10 mL) in a beaker. Ammonia solution (10 mL) was slowly 
added on top of the CHCl3 solution, without disturbing the system. The 
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ammonia initiated the polymerization of monomers at the interface under 
ambient conditions.  
 
5.2.5. Characterization  
The IR spectra were recorded in the range of 4000 - 400 cm-1 using a 
Bruker ALPHA FT-IR spectrophotometer with a resolution of 4.0 cm-1. The 
UV/Vis absorption studies were performed on a Shimadzu-1601 PC 
spectrophotometer; and the steady state fluorescence studies were carried out 
on an Agilent Cary Eclipse Fluorescence spectrophotometer. Wide angle  
X-ray diffraction (WAXRD) was recorded using a Bruker-AXS: D8 
DISCOVER with GADDS powder X-ray diffractometer and Cu-Ka (λ = 1.5406 
Å) at 40 kV and 40 mA, over a range of 2θ angle from 5° to 80°, and small angle 
X-ray diffraction from 2θ = 0° to 10°. The thermal analyses of the samples were 
performed on a TA instrument 2960 (DTA-TGA) analyzer within the 
temperature range of 30°C - 800°C. Surface morphologies of the silica films 
were determined using a Field Emission Scanning Electron microscope 
(FESEM on a JEOL JSM-6701F instrument) at 5 kV, after coating the films 
with platinum. Transmission Electron Microscopy (TEM, JEOL JEM 2010) 
was used to establish the morphology of silica films collected on a copper TEM 
grid. The contact angle measurements were carried out using the video-based 
fully automated Data Physics optical contact angle microlitre dosing system 
(OCA 40 Micro). Water droplets (1μL/drop) with known surface tension were 
dispensed using a Teflon-coated motor driven syringe. The contact angles were 
measured at ambient conditions and a video was recorded (at 72 frames/second) 
for each dispensed solvent droplet. Any dynamic changes on the droplets' 
surfaces were precisely observed through this method. The contact angles were 
evaluated using the sessile drop technique.203 
5.2.6. Absorption Anisotropy  
For absorption anisotropy studies, a custom microscope with an attached 
polarizer and analyzer was constructed. The light source was a halogen and 
deuterium lamp (Ocean Optics D-2000 BAL) with a wavelength range from 250 
to 2500 nm. Figure 5.1 provides the details of the absorption anisotropy setup. 
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The input light was passed through a fiber of approximately  
600 µm core diameter, and the light was collimated using a lens. After 
collimation, the light passed through a polarizer and a half-wave plate to control 
the incident light polarization. The light was focused on the sample with a 40× 
objective. The back-reflected light was passed into a polarization analyzer and 
collected by the optical fiber connected to the UV-Vis spectrophotometer 
(Ocean Optics Q65000). Our measurement range was limited to the polarizer's 
working range of 420 to 680 nm. The samples were mounted on a Teflon 




          
Figure 5.1. Schematic representation of solid state absorption anisotropy setup. 
5.2.7. Anisotropy Emission (Photoluminescence) 
Photoluminescence (PL) measurements were made using a custom made 
spectrophotometer connected to a microscope with an attached polarizer and 
analyzer (Figure 5.2). A fiber coupled with a 405 nm laser was attached to the 
microscope and the polarization was controlled using a polarizer and a half-
wave plate. After the dichroic and excitation long pass filter phase, the collected 
PL signal was analyzed with a further polarizer. The spectrophotometer 
comprised an Andor Shamrock SR500 spectrograph with a 600 line grating at a 
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blaze of 500 nm, which is typically used for PL measurements. The signal was 
recorded with a sensitive air-cooled Andor iVac camera; and the measurements 
were conducted with an exposure time of one second and with ten 
accumulations to improve the SNR (signal-to-noise ratio). 
 
 
             
 
Figure 5.2. Schematic representation of solid state emission anisotropy setup. 
 
5.3. Results and Discussion 
5.3.1. Mechanism of Silica Film Formation at the Liquid-Liquid Interface  
Silica film formation at the chloroform-water interface was achieved 
through the condensation of silane precursors (Figure S5.1, Appendix) in the 
presence of a catalyst. The liquid–liquid interface offers the added advantage of 
forming a heterogeneous well-oriented silica film using different monomers. In 
the presence of the base catalysts, the chlorosilane or alkoxysilane groups were 
hydrolyzed to silanols (-Si-OH) at the interface between the organic and 
aqueous phases, followed by the condensation of Si-OH groups to form two-
dimensional Si-O-Si network structures. Such an interface reaction leads to 
well-aligned silica films with hydrophobic organic groups which are placed in 
an oriented manner in the CHCl3 layer.  
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Octadecylsilica (O-Si) films were compared, using different 
concentrations of octadecyltrichlorosilane and 2 wt% PEI as a catalyst, for a 
fixed time of 20 minutes. PEI was selected as the preferred catalyst over 
aqueous ammonia, due to the rapid polymerization of octadecyltrichlorosilane 
at the chloroform-water interface in the presence of ammonia, preventing stable 
film formation at the interface. Silica film formation was observed within 20 
minutes following the addition of octadecyltrichlorosilane into the chloroform 
layer, and of PEI catalyst into the aqueous layer. The resultant film was used for 
further characterization. The observed high rate of formation of the film could 
be due to the high reactivity of trichlorosilane, which readily reacts with water 




Figure 5.3. FESEM micrographs of O-Si film (a) organic side and (b) aqueous 
side morphologies on the organic side of (c) P-Si and (d) PO100-Si film. 
 FESEM images of the film at the chloroform side (Figures 5.3a and 
S5.2a, Appendix) and aqueous side (Figure 5.3b), generated at the interface 
using octadecylsilane were recorded. Minimal differences were observed 
between the morphologies of the film surface on the chloroform side 
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(hydrophobic) and the water side (hydrophilic). Microstructure analysis 
revealed the hydrophilic side of the film to be smoother with RMS roughness 
of 64.4, as compared to the hydrophobic side with RMS roughness of 84.4. 
Hydrolysis and condensation of silane precursors are much faster in the 
presence of water, and silica film is formed at the interface of water and 
chloroform. Owing to the presence of abundant water molecules for the 
hydrolysis of octadecyltrichlorosilane, there is little time for the individual 
clusters to grow before crosslinking with each other, leading to a smooth surface 
(Figure 5.3b). With an increased film thickness, the network hinders the supply 
of water molecules to the rest of the unhydrolyzed silane precursors in the 
chloroform layer. The individual clusters grow in size before crosslinking with 
each other, leading to the formation of a rough surface (Figure 5.3a).  
Similarly, PDI-2 with the triethoxy group formed a film at the interface 
after one day when using ammonia as the catalyst. FESEM images of P-Si film 
show a rough surface, which is different from the surface morphology of O-Si 
film (Figures 5.3c and S5.2b, Appendix). P-Si film showed a surface roughness 
of ~115 on both sides. This is due to the packing and aggregation of rigid planar 
perylene molecules leading to highly disordered films, in contrast to the film 
formed from flexible and linear octadecyltrichlorosilane.  
Silica films obtained by mixing N-(2-ethylhexyl)-N’- (3-
(triethoxysilyl)propyl)perylene-3,4,9,10-tetracarboxylic acid diimide (PDI-2) 
and octadecyltrimethoxysilane (TMODS), in molar ratios of 1:1, 1:10, 1:100 
and 1:1000, showed changes in morphology upon increasing the concentration 
of octadecyltrimethoxysilane (Figures S5.2c–S5.2f, Appendix), in contrast to 
silica films formed from pure octadecylsilane (Figure 5.3a) or PDI-2 (Figure 
5.3c) precursors. At higher concentrations of octadecylsilane such as PO100-Si 
(1:100) and PO1000-Si (1:1000), the silica films formed were continuous and 
showed a smooth morphology, in contrast to silica films containing lower 
concentrations of octadecylsilane, i.e., PO1-Si and PO10-Si films. At higher 
concentrations of octadecyltrimethoxysilane, the flexible octadecyl group tends 
to fill the gaps formed via the aggregation of the perylene units, forming a 




5.3.2 IR Analysis 
The O-Si and P-Si films formed were further analyzed by Fourier 
Transform Infrared Spectroscopy (FT-IR) (Figure 5.4). A small number of 
peaks which correspond to Si-O bonds are observed in the low frequency region 
of 700 – 1400 cm-1. Asymmetric stretching vibration of Si-O-Si can be observed 
at 1025 cm-1 for both O-Si and P-Si films, which confirms silica network 
formation (Figure 5.4a). A broad peak at 3400 cm-1 and at 1600 cm-1 
corresponds to the –OH group from silica or adsorbed water. Symmetric and 
asymmetric -CH2 stretching of O-Si film is observed at ~ 2851 cm-1 and  
2919 cm-1. The position of the -CH2 asymmetric and symmetric stretching peak 
maxima provides qualitative information about the conformational order of the 
-CH2 groups on the alkyl chains. For disordered random structures, the 
frequency of the -CH2 asymmetric stretching band is close to that of a liquid 
alkane (2924 cm-1); and for well-packed alkyl chains, the frequencies are shifted 
to lower wavenumbers (2915 – 2918 cm-1).237 The observed peak at 2919 cm-1 
indicates that high populations of octadecyl chains are packed in a well-ordered 
trans-conformation. 
In addition to the peaks corresponding to the silica network, P-Si film 
showed the presence of carbonyl stretching vibrations of imide peaks around 
1700 cm-1 and 1600 cm-1, and C=C aromatic stretching vibrations around ~1590 
cm-1, as previously reported for other perylenediimide derivatives.238 
Interestingly, the IR spectra of POx-Si (using different molar ratios of perylene 
and octadecylsilane) film showed an increased intensity of –CH2 alkyl 
stretching peaks, with an increase in the concentration of octadecylsilane from 
1:1 (PO1-Si) to 1:1000 (PO1000-Si), and a decrease in the diimide peak, 




Figure 5.4. FT-IR spectra of O-Si and P-Si films (a) and POx-Si films of (i) 
PO1-Si, (ii) PO10-Si, (iii) PO100-Si, and (iv) PO1000-Si, formed using a PDI-
2:octadecylsilane molar ratio of 1:1, 1:10, 1:100 and 1:1000 (b) at CHCl3/water 
interface.   
5.3.3. Thermogravimetric Analysis (TGA)  
Thermogravimetric analyses of silica films were performed using a 
heating rate of 10ºC/min in air (Figure 5.5). Three weight loss regions were 
observed for O-Si film. The first weight loss observed below 150°C is due to 
the loss of physically adsorbed water.239 The second weight loss (~ 37.9%) at 
the 200 - 400ºC region is due to the loss of the alkyl chain. The third loss of 
43% at the 400 - 800ºC region is due to the degradation of all organic contents 
and the complete dehydoxylation of the Si-OH group to form a Si-O-Si network. 
The 13% residual weight is attributed to the SiOx.   
The P-Si film shows a slight decrease in weight loss (5%) in the region 
of 100 - 200ºC, which could be due to the loss of physisorbed water from the 
film. The second degradation, in the region of 300 - 500ºC with a 53.2% weight 
loss, is attributed to the degradation of alkyl groups, the partial degradation of 
perylene diimide, and unreacted ethoxy groups on the silane functional group. 
The third weight loss of 26.2% at the 500 - 800ºC region corresponds to the 
degradation of all carbon contents, Si-C, and C-N groups; and the remaining 
15% residual weight is attributed to the presence of SiOx.240, 241 
PO100-Si film showed a TGA trace very similar to that of O-Si film, with 
40.3% weight loss around the 150 - 400ºC region due to the loss of alkyl chain 
moieties from the material, and unreacted ethoxy groups on the silane functional 
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group; and about 30.6% weight loss in the region of 400 - 550ºC due to the loss 
of perylene groups. The observed weight loss (9.1%) at  
550 - 800ºC accounts for the degradation of the remaining carbon content 
present in the film. The 17% residual weight is attributed to the presence of 
silica from the film. 
                
Figure 5.5. Thermogravimetric analysis of (●) O-Si, (■) P-Si film, and (▲) 
PO100-Si film, using a heating rate of 10ºC/min in air.  
5.3.4. XRD Analysis 
Small angle X-ray diffraction (SAXD) and wide angle X-ray diffraction 
(WAXD) curves of O-Si film are provided in Figure 5.6a, which shows 
diffraction peaks at 1.72º and 5.11º (SAXD), and a single strong peak at around 
21.53º (WAXD). Applying Braggs law, 2dsinθ = λ, with λ = 1.5406 Å, gave 
corresponding d-values of 51.3 Å, 17.28 Å ,and 4.12 Å, respectively. The d-
spacing at 4.12 Å is attributed to the intermolecular interactions and van der 
Waals forces observed in densely packed alkyl chains.242 The peak observed at 
51.3 Å is closer to the reported value of d = 50.8 Å for a bilayer structure of 
octadecylsilyl groups.239, 243 According to literature, for theoretical length of 
fully extended C18H37SiOx unit (l = 26.2 Å), the d-spacing value 50.8 Å found 
can be related to bilayer organization with head to head arrangement as shown 





Figure 5.6. XRD spectra of (a) O-Si and (b) P-Si film showing wide angle X-
ray diffraction (inset – small angle X-ray diffraction pattern). 
The XRD profiles of P-Si film (Figure 5.6b) showed diffraction peaks 
at 2θ = 2.91º, 10.20º, 15.7º, and 25.84º (corresponding d-spacing of 30.33 Å, 
8.67 Å, 5.64 Å, and 3.44 Å, respectively). The observed peak with d = 30.33 Å 
corresponds to the molecular length of n-alkyl PDIs244 and peak at d = 8.67 Å 
is similar to the width of the perylene core (calculated value = 9.2 Å).245, 246 
Similar ordering was also observed for the columnar packing of alkyl-
substituted perylene diimide liquid crystals.245, 246 Diffractions corresponding to 
5.64 Å and 3.44 Å are attributed to π-π stacking of cofacially-stacked perylene 
cores.247   
5.3.5. Hydrophobic and Hydrophilic Test 
Hydrophobic and hydrophilic properties of the surfaces of silica films 
separately collected on a coverslip were measured (Figure S5.3, Appendix) 
using a contact angle setup. The morphology of a water droplet was retained on 
the surface with alkyl chains (chloroform side of the film), and the spreading of 
water was observed on the silica side (facing the water side) (Figure 5.7, inset). 
The observed differences can be attributed to the distribution of long alkyl 
groups on the organic side and the presence of PEI and –Si-OH moieties on the 
water side of the film.   
Static contact angle measurements of silica films were performed using 
a goniometer with 1µl water droplets. The wetting properties of silica film 
facing the water side and the chloroform side are provided in Figure 5.7. One 
side of the O-Si film was hydrophilic (θ ~70.5º, Figure 5.7a, inset), while the 
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other side was hydrophobic (θ ~ 107.9º, Figure 5.7b, inset). Such variations are 
expected owing to the differences in the functional groups present on each side 
of the film. However, the P-Si film surface showed a water contact angle θ of ~ 
118º (Figure 5.8c, inset), which is greater than that of the O-Si film. This can 
be attributed to the close packing of perylene molecules on the silica film 
surface. Contrastingly, the hydrophilic and hydrophobic sides of the P-Si film 
did not show significant differences in contact angle, which requires further 
exploration to understand the distribution of organic moieties before and after 
transferring the film to the cover slip. It is hypothesized that, as perylene is a 
planar, rigid aggregating molecule, the large aggregate formation leads to 
defects on the surface, which then minimizes the differences in functionality on 
both sides of the film.  
 
Figure 5.7. AFM micrographs of the (a) aqueous side and (b) organic side of 
O-Si film, and (c) aqueous side of the P-Si film. Inset: corresponding contact 
angle of water on the surface of the films. 
Table 5.1 Static contact angle of water droplets on the organic and aqueous 








Static Contact Angle (θ) 
Chloroform side/deg Water side/deg 
O-Si 107.9 70.5 
P-Si 118.0 118.6 
PO1-Si 125.8 125 
PO10-Si 129.4 128 
PO100-Si 116.4 105.7 
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*where O-Si and P–Si refer to films formed from octadecasilane and PDI-2 
alone; and PO1-Si, PO10-Si and PO100-Si refer to films formed by mixing PDI-
2 and octadecylsilane in certain molar ratios including 1:1, 1:10, and 1:100, 
respectively. 
Silica films formed by using perylene silane and octadecylsilane 
precursors at different molar ratios showed an increase in contact angle with an 
increase in the concentration of octadecyl chains incorporated in the film (Table 
5.1). The observed increase in hydrophobicity can be attributed to the 
introduction of C18 alkyl groups, which could fill the defects created by the 
aggregation and packing of perylene molecules on the surface. The contact 
angle for PO100-Si (~ 116°), however, is lower than that for PO1-Si and  
PO10-Si. With an increase in concentration of octadecylsilane, the packing of 
octadecyl groups becomes more dominant and compact, which then reduces the 
availability of alkyl chains required to fill the defects caused by the perylene 
aggregates.  
5.3.6. Photophysical Studies 
 Photophysical studies of P-Si film obtained from interfacial 
polymerization, and drop casting of PDI-2 on quartz plates, were carried out 
using spectroscopic techniques.  
 
Figure 5.8. Normalized absorption (a) and emission (b) spectra of () PDI-2 
solution in THF (0.1 mM), () P-Si and mixed PDI-2:octadecylsilane films, 
(▲) 1:10 (PO10-Si), (▼) 1:100 (PO100-Si), and () 1:1000 (PO1000-Si), formed 
at the interface of the CHCl3/H2O system. Excitation wavelength was 350 nm. 
Optical images of drop casted films from unreacted perylene silane 
precursors (PDI-2), using a fluorescein isothiocyanate (FITC) filter and P-Si 
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films, are provided in Figure S5.4 (Appendix). The P-Si films showed a well-
ordered homogeneous film morphology. Interestingly, optical micrographs of 
PO1-Si, PO10-Si, PO100-Si, and PO1000-Si, in bright field and under FITC  filter, 
showed significant changes from red to a light green color with an increased 
concentration of octadecyl groups in the film (Figure S5.5, Appendix).  
This is further supported by the UV-Vis absorption and emission spectra 
of the films (Figure 5.8). The absorption spectrum of PDI-2 in a chloroform 
solution showed corresponding monomeric peaks at 526 nm, 489 nm, and 458 
nm, due to the π-π* transition of the perylene rings, designated as 0-0, 0-1, and 
0-2 transitions (Figure 5.8a).248 In comparison to the solution state absorption 
spectra, the spectra of the films are broader and less structured. An inversed 
increase in the intensity of A0-1 absorption peaks are observed in all silica films, 
compared to PDI-2 in solution, with respect to A0-0. P-Si film showed the 
merging of peaks at 489 nm and 458 nm and a broad featureless absorption 
spectra, indicating face-to-face stacked H-aggregates of perylene molecules in 
the film. A similar peak pattern was also observed for PO10-Si film, which 
indicates that perylene molecules inside the silica films are aggregated via a 
strong intermolecular π-π interaction. Upon increasing the concentration of 
octadecylsilane in PO100-Si and PO1000-Si film (0-1), the vibronic band at  
458 nm showed a relative increase in intensity, as compared to a (0-0) transition 
at 520 nm, and vibronic peaks are clearer and less broad in appearance. Such 
relative increases in the intensity of vibronic transition (0-1) is typically 
observed for perylene molecules stacked cofacially, forming  
H-aggregates.175 Thus, the ratio of absorption intensity for A0-0/A0-1 increased 
from 0.78 for P-Si to 0.93 for PO1000-Si film, indicating that the extent of 
aggregation decreases with an increase in concentration of octadecylsilane in 
the hybrid silica film.174 
The emission spectrum of PDI-2 in a chloroform solution (Figure 5.8b) 
showed characteristic non-aggregated peaks at 532, 567, and  
617 nm.248 Significant changes in fluorescence properties were observed in 
silica films synthesized at the interface of two liquids. P-Si film showed a broad 
emission spectrum with a red shift in emission maximum at 670 nm (Figure 
5.8b). The longer wavelength band confirmed the presence of a cofacial π-π 
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interaction between perylene groups in the solid state, which is consistent with 
the data obtained from powder X-ray diffraction studies (Figure 5.6b). Intense 
excimeric peaks were observed for PO1-Si at 650 nm and 698 nm. Additionally, 
with an increased concentration of octadecyl groups with respect to PDI-2, a 
blue shift in emission maximum was observed from 650 nm to 617 nm (PO1000-
Si), which clearly indicates the reduction in π-π interaction of perylene groups 
in the presence of long octadecyl groups during film formation. PO1000-Si film 
showed a major excimeric emission at 618 nm, whereas film formed using a 1:1 
mixture of the two silane precursors (PO1-Si) showed emission maximum at 
698 nm. However, the excimer emission of PO1-Si film showed a bathochromic 
shift when compared to PO1000-Si film, which implies that strong π-π 
interactions and well-organized molecular aggregates in PO1-Si facilitate better 
exciton migrations in PO1-Si film.135 
In order to further understand the arrangement of perylene molecules 
inside the film formed at the interface of two liquids, optical anisotropy of the 
films was measured using polarized UV-Vis absorption (Figure 5.9) and 




Figure 5.9. Polarized UV-Vis absorbance spectra of drop casted film of PDI-2 
monomer (A), interfacial silica films of P-Si (B), and PO100-Si (C) on quartz 
plate, and the plot of peak absorbance vs polarization angle (D) of drop casted 
film of PDI-2 (▲), interfacial film of P-Si (■), and PO100-Si (●), as a function 
of the polarization angle of the incident light. 
The measurements of absorbance anisotropy of the films were 
performed by changing the position of the incident light polarizer every 10º 
within the range of 0º to 90º. As expected, a lower degree of packing was 
observed in the drop casted film of PDI-2 (Figure 5.9A) than that of P-Si (Figure 
5.9B) and PO100-Si films (Figure 5.9C). The degree of packing was measured 
by calculating the absorbance ratio A = A0-0/A0-1. The absorbance ratios for the 
drop casted films from PDI-2, P-Si, and PO100-Si, were 0.6, 0.8, and 0.9, 
respectively. However, slight variations in the absorbance ratios were also 
observed with changes in polarization angle from 0° to 90°, indicating the 
polarization-dependent absorbance properties of the film. When the sample was 
held normal to incoming polarized light, the maximum polarization dependence 
was observed for PO100-Si film, while the least polarization dependence was 




Figure 5.10. Polarization angle-dependence emission spectra of drop casted 
film of PDI-2 monomer (a), interfacial films of P-Si (b), and PO100-Si (c), 
where incident light is parallel (∥ , ●) and perpendicular (	 , ■) to plane 
polarized light. Plot of dichroic ratio with polarization angle (d) of drop casted 
films of PDI-2 (♦), interfacial film of P-Si (▲), and PO100-Si (). Excitation 
wavelength was 403 nm.  
The lack of polarization dependence for the drop casted film indicates 
that precursor PDI-2 molecules are randomly oriented on the glass slide.181 
Further, in order to study the alignment of dye molecules in P-Si and PO100-Si 
films, polarized emission spectra were recorded by rotating the incident 
polarizer (from 0° to 360°) at every 20° (Figure 5.10). Significant differences in 
emission intensities of the polarized light, parallel and perpendicular to the 
plane of polarization, were observed for PO100-Si film (Figure 5.10c) when 
compared to those for P-Si film (Figure 5.10b) and drop casted film of PDI-2 
precursor (Figure 5.10a). Of the three films investigated, the least differences 
observed in parallel and perpendicular emission intensities were for drop casted 
films of PDI-2 (Figure 5.10a), owing to the low molecular order inside the film. 
 The polarization ratio was calculated using the following formula 
(Equation 5.1).249 
P =  ∥ > ∥B > (5.1) 
where, ∥ and 	 are the intensities parallel and perpendicular to the polarized 
light. The polarization ratio for the drop casted film of PDI-2 was 0.02, the ratio 
for P-Si film was 0.05, and PO100-Si film showed a high polarization ratio of 
0.2.  
The alignment of perylene molecules can be quantitatively measured 
using the dichroic ratio (D), which is defined as the ratio of intensities of the 
dye molecule parallel (∥) and perpendicular (	) to the incident polarized light, 
as shown in Equation 5.2.182 D value is used to calculate the order parameter 
(S), as shown in Equation 5.3.183 Dye molecules are said to be fully aligned 
when the calculated order parameter S = 1, and in completely random alignment 
when S = 0.180 
109 
 
= =  ∥ > (5.2) 
E =  @A @BC  (5.3) 
The dichroic ratios of two silica films and the drop casted film of PDI-2 
are depicted graphically with respect to polarization angle in Figure 5.10d. The 
estimated values of D and S are summarized in Table 5.2. 
Table 5.2 Absorbance ratio, polarization ratio (P), dichroic ratio (D), and order 
parameter (S), of silica films and drop casted film from PDI-2 
 
 
Drop casted film of PDI-2 showed the lowest order parameter (S ~ 0.02), 
indicating a fully random arrangement of perylene molecules. This is expected 
due to the random organization of perylene molecules in the drop casted film. 
On the other hand, the introduction of excessive long octadecyl groups, with 
respect to perylene molecules (PO100-Si), provides an induced higher degree of 
order in the film, meaning that the formation and organization of large 
aggregates of perylene is retarded, which then leads to the alignment of 
molecules inside the silica film.   
5.3.7. Perylene Octadecyl Silica Film as a Fluorescent Sensor of Amine 
Vapors 
Perylene tetracarboxylic diimide is widely used in optical sensing due 
to its high photostability and its electron-deficient properties.184 Recently, 
perylene-incorporated nanofibers were used as a fluorescent sensor of amine 














cast film 0.6 654 0.02 0.91 -1.06 -0.03-0.02 
P-Si film 0.8 660 0.05 1.5 – 1.84 0.14 -0.22 
PO100-Si film 0.9 650 0.2 1.9 - 2.3 0.23 – 0.30 
110 
 
combinations of PDI-2 and octadecylsilane (PO1-Si, PO10-Si, PO100-Si), were 
exposed to aniline vapors (for 30 mins and 24 hrs). Efficient fluorescence 
quenching was observed from all three silica films. Percentage quenching 
efficiency was calculated from the fluorescence data using the following 
Equation 5.4.135 
Quenching	efficiency	% = 	 	  	x	100                        (5.4) 
where Io and I are the fluorescence intensities of perylene silica nanoparticles in 
the absence and presence of amines. 
Fluorescence quenching can be attributed to the photoinduced electron 
transfer from HOMO of electron-rich aniline to HOMO of electron-poor 
perylene molecules. However, due to the changes in the aggregation of perylene, 
the vapor sensing for aniline varies slightly for different silica films (Figure 
5.11). Silica film formed using a combination of a 1:1 mixture (PO1-Si) showed 
a higher quenching efficiency of ~81% than that of PO100-Si at 69%. A decrease 
in the concentration of perylene in the film led to changes in structure, solubility 
of amines in the film, and the interaction of amines with perylene molecules 
inside PO100-Si films. The observed fluorescence quenching can be attributed 
to a strong interaction between electron-deficient perylene molecules and 
electron-rich aniline molecules.250, 251 
                    
Figure 5.11. Fluorescence quenching response of POx-Si films after exposure 





A direct method for preparing functionalized, optically anisotropic 
silica film at the liquid-liquid interface is reported. Structural changes and 
optical properties of the films were studied by varying the composition and 
concentration of the silane precursor molecules during silica film formation. 
The films formed were characterized using IR, SEM, XRD, and TGA analyses. 
Wetting properties of the silica films were determined using contact angle 
measurements. The O-Si film showed a water contact angle of ~107º for the 
alkyl chain side of the film and ~70º for the silica side. The P-Si film showed a 
higher contact angle of ~118º, which can be attributed to the strong aggregation-
induced packing of perylene units on the surface of the film. To further explore 
the correlation between molecular organization, surface wetting, and 
photophysical properties, films were synthesized using various combinations of 
PDI-2 and octadecylsilane (1:1, 1:10, 1:100, and 1:1000) molecules. An 
increase in concentration of octadecylsilane inside the film led to the formation 
of homogenous films, which resulted in changes to the properties of the silica 
films. Also, the organization of perylene molecules inside the silica films was 
examined using the polarized absorption and emission anisotropy of the film, 
and measured using a polarized spectrophotometer. The PO100-Si film showed 
a high dichroic ratio (D) of 2.3 when compared to the values of P-Si film (D = 
1.8) and drop casted film of PDI-2 (D = 1.08). Thus, PO100-Si films showed 
strong molecular alignment with an order of parameter S = 0.3, while the lowest 
order of parameter was observed for drop casted film of PDI-2 (S = 0.02). 
Different films also showed interesting optical responses in the presence of 
aniline vapors. This study investigated the structure-property correlation of 
perylene incorporated anisotropic two-dimensional silica films formed through 
the hydrolysis and condensation of silane precursors at the interface of water 
and chloroform. Such ordered silica films may have potential applications in 


















SYNTHESIS, CHARACTERIZATION, AND APPLICATION 
















The development of novel luminescent materials is important for 
progress in the fields of nanobiotechnology, photonics, and optoelectronics.5 
The various classes of luminescent materials commonly employed are organic 
fluorophores, organometallic luminescent molecules, and semiconductor 
quantum dots (QDs). Their applications are limited, however, due to certain 
disadvantages such as the cytotoxicity of QDs and photobleaching of organic 
fluorophores.252-254 In recent years, silica nanoparticles have been used for a 
wide range of applications owing to their high mechanical stability, 
biocompatibility, chemical inertness, and optical transparency.168 Silica 
nanoparticles are also used in bioimaging, biosensing, drug delivery, therapy 
systems,255 industrial fields such as catalysis, stabilizers, pigments, and 
chemical or mechanical polishing.256 Luminescent silica nanomaterials provide 
many advantages such as improved chemical and mechanical stability, 
photostability, biocompatibility, strong fluorescence, dispersibility in water, 
and ease of surface modification.257 
Similarly, zinc oxide (ZnO) is an environmentally friendly, non-toxic, 
and easy accessible material, used widely in cosmetic products, paints, and 
protective coatings.258 Its wide band-gap (3.37 eV), with large exciton binding 
energy (60 meV) and a bulk excitation peak at about 360 nm, has limited the 
use of ZnO in visible light absorption and emission studies.259 The presence of 
defects on the surface of ZnO nanostructures, however, causes UV band edge 
and broad emission in the visible region.260 Recently, a correlation has been 
established between the photoluminescence properties, changes in the size of 
the crystals, and the number of defects in ZnO nanocrystals.261-263ZnO quantum 
dots of size 2 - 7 nm have displayed a broad luminescence emission in the visible 
region.264, 265 Many techniques have been developed to create ZnO/SiO2 
nanocomposites, which include the spray drying method, thermal oxidation, and 
the sputtering approach.266 The optical properties of ZnO/SiO2 nanocomposites 
can be tuned to obtain emission in the visible region by varying the amount and 
distribution of ZnO nanoparticles inside the silica matrix. In addition, the 
immobilization of ZnO nanoparticles inside the silica matrix prevents 
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aggregation,159 and the nanocomposites can be used as stable inks for printing 
and developing materials with a tunable refractive index.160 
Herein, we report the synthesis of luminescent monodispersed 
ZnOSiO2-X nanoparticles using the microemulsion technique. Complexation of 
Zn cation with a trimethoxysilane incorporated diamine ligand is expected to 
regulate the size and distribution of the ZnO particles inside the silica lattice. 
We anticipate that, in the future, such nanocomposites could be used in a variety 
of applications. As a proof of concept, UV active invisible printing is 
demonstrated by using a ZnOSiO2/PDMS mixture for inkjet printing and 
mechanical stamping. Consequently, these luminescent nanoparticles have 
potential applications in such fields as bioimaging and inkjet printing for 
nanoelectronics.  
 
              
 
 
Scheme 6.1. Proposed synthesis pathway of luminescent ZnOSiO2-X NPs. 
 
6.2. Experimental Section 
6.2.1. Materials  
All chemicals and reagents were obtained from commercial sources and 
used in the experiments without further purification. Tetraethylorthosilicate 
(TEOS), zinc acetate (Zn(OAc)2), anhydrous zinc chloride (ZnCl2), 
polyvinylpyrolidone (PVP, MW = 40k), polyethylene glycol p-(1,1,3,3-
tetramethylbutyl)phenyl ether (Triton X-100), N-(2-aminoethyl)-3-
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aminopropyltrimethoxysilane (AEAPTMS), and 1-octanol were purchased 
from Sigma-Aldrich Inc. A PDMS Elastomer kit (Sylgard 184) was obtained 
from Dow Corning Corporation, and aqueous ammonia (25%) was purchased 
from Merck. Cyclohexane (HPLC grade) was purchased from VWR chemical. 
Milli-Q water was used for the experiments.  
6.2.2. Synthesis of ZnO-SiO2 Nanoparticles (ZnOSiO2-X NPs)  
Briefly, Triton x-100 (6 mL), n-octanol (6 mL), cyclohexane (30 mL) 
and deionized water (1 mL) were mixed and left to stir until a clear solution was 
obtained. Varying amounts of ZnCl2 were dissolved in absolute ethanol (1 mL) 
in a separate vial, and appropriate amounts of N-(2-aminoethyl)-3-
aminopropyltrimethoxysilane (AEAPTMS) were added for the formation of a 
Zn2+- AEAPTMS complex (Table S6.1, Appendix) This was then mixed with 
the microemulsion and stirred for 30 minutes to stabilize the solution. Aqueous 
ammonia (0.6 mL) was added to the microemulsion as a catalyst for the 
polymerization of silane monomers to form silica. After 24 hours of stirring, 
TEOS (0.6 mL) was added to the mixture and stirred for a further 24 hours, 
followed by the addition of acetone (60 mL) to precipitate the nanoparticles. 
The suspension was centrifuged to separate the silica nanoparticles from the 
supernatant solution, and washed three times with large volumes of ethanol to 
remove any unreacted materials. Finally, the silica nanoparticles obtained were 
dried in an oven at 70°C for 24 hours and calcined at 550°C for 4 hours at a 
heating rate of 20°C/min. The calcined particles were then washed with ethanol 
and dried in the oven at 70°C for 24 hours to remove any traces of ethanol. Table 
S6.1 (Appendix) summarizes the reactants used for the synthesis of ZnOSiO2-
X NPs, including ZnOSiO2-1, ZnOSiO2-2, ZnOSiO2-3, and ZnOSiO2-4, with 
different amounts of Zn incorporated inside the silica nanoparticles. ZnOSiO2-
A refers to the sample prepared using only ZnCl2. 
6.2.3. Synthesis of Zinc Oxide Nanoparticles (ZnO NPs)  
ZnO nanoparticles were synthesized based on a reported 
procedure.267 Zn(OAc)2 (0.1 M, 50 mL) and polyvinylpyrolidone (PVP)  
(0.05 M, 50 mL) solutions were mixed under continuous stirring. LiOH solution 
(1.0 M) was added dropwise to adjust the pH to 12, and the reaction was allowed 
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to proceed for 3 hours under a reflux condition, with the solution then cooled to 
room temperature before centrifuging for 15 minutes to collect the solid ZnO 
particles. The particles were then washed twice with ethanol  
(30 mL) and water (30 mL) before drying for 6 hours in an oven at 70°C.  
6.2.4. Preparation of ZnOSiO2-X NPs Dispersed PDMS Film 
To prepare uniform films, freshly-synthesized ZnOSiO2-X particles  
(20 mg) were dispersed in THF (1.5 mL), sonicated for one hour, and added 
dropwise to PDMS (Dow Corning, 1.0 mL). The mixture was degassed and 
heated for 2 hours to 60°C under constant stirring to remove the THF. The 
curing agent (0.1 mL) was added and the mixture was again degassed to remove 
air bubbles. Films were prepared by pouring the resultant mixture into a petri 
dish, followed by curing in an oven for 2 hours at 100°C.   
6.2.5. Preparation of ZnOSiO2-X NPs Dispersed PDMS Ink for Printing 
ZnOSiO2-X NPs (20 mg) was transferred into a 15 mL polyprolylene 
centrifuge vial and mixed with THF (2 mL). The vial was capped and placed in 
an ultrasonicator bath for 10 minutes to obtain a homogeneous solution. The 
PDMS monomer (5 mL) and curing agent (0.5 mL) were then transferred into 
the mixture, with the proportion of PDMS monomer to curing agent maintained 
at a ratio of 10:1. The mixture was stirred and placed inside a vacuum chamber 
for degassing to remove the THF and trapped air bubbles. A fluid dispensing 
system from Musashi Engineering Inc. (Japan) was used to print the elastomeric 
ink on different substrates. The printed samples were thermally cured for 30 
minutes using a heating stage set at 100°C. 
6.2.6. Preparation of ZnOSiO2-X NPs Dispersed PVA Ink Formulation and 
Printing  
ZnOSiO2-X NPs (40 mg) was dispersed in water (1 mL) and sonicated 
for 5 minutes. PVA (20 mg, Mn = 40k) was added to the mixture, which was 
then heated to 90°C to obtain a homogeneous ZnOSiO2-X/PVA solution. The 
solution was then cooled to room temperature, and either poured into ink 
cartridges or smeared onto a stamp pad. A desktop printer or handy stamp pad 
was used to transfer the ZnOSiO2/PVA ink onto different substrates. For the 
stamping method, images were first created on a handy stamp pad (Figure S6.1, 
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Appendix). The stamp pad was coated with the formulated ZnOSiO2/PVA ink 
and pressed onto a clean glass substrate for a few seconds in order to create the 
image on the substrate. This process was repeated to transfer various images 
onto the substrate; and the printed images were allowed to air dry. 
6.2.7. Characterization of the Nanoparticles 
Elemental analysis (EAL) of dried nanoparticles was conducted on the 
Elementar Vario Micro Cube for C, H, and N analysis, and on the Dual-View 
Optima 5300 DV ICP-OES system with Inductively Coupled Plasma (ICP) 
analysis at the Department of Chemistry, National University of Singapore 
(NUS). The nanoparticles were dispersed in ethanol and well sonicated prior to 
conducting measurements of UV-Vis absorption, fluorescence, and dynamic 
light scattering (DLS) on the Shimadzu UV-3600 spectrophotometer, Agilent 
Cary Eclipse Fluorescence spectrophotometer, and Malvern Zetasizer Nano-
ZS90, respectively. Morphological studies of nanoparticles were carried out 
using a JEOL JSM-6701F Field Emission Scanning Electron Microscope 
(FESEM) and a JEOL 2010-F Field Emission Transmission Electron 
Microscope (FETEM). The samples for HR-TEM were prepared by evaporating 
a few drops of nanoparticle suspension on carbon-coated copper grids. To 
obtain the chemical composition of the nanoparticles, energy dispersive x-ray 
spectroscopy (EDS) was carried out in conjunction with both SEM and TEM. 
X-ray diffraction (XRD) measurements were performed using a Bruker - AXS: 
D8 DISCOVER with a GADDS Powder X-ray diffractometer.  
6.2.8. Phosphorescence Measurement  
For phosphorescence measurements, a home built micro-PL 
spectroscopy system equipped with 405 nm laser coupled to Zeiss Examiner 
microscope was used. The spectra were captured with the aid of Kinetics 
functionality in the end-user software (Andor Solis) for the EMCCD camera 
(Andor Newton 970 BV) connected to the spectrograph (SR500). The SR 500 
spectrograph employs a 500 lines/mm grating blazed at 500 nm for PL 
measurements. The camera has a fast readout speed enabling capturing upto 
1500 spectra/s. The ZnOSiO2 particles spread on glass slide was placed under a 
low NA microscope objective (10x). For our measurements, the kinetics was 
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performed with an exposure time of 50 ms with a gap of 100 ms between the 
start of the two measurements.  
 
6.3. Results and Discussion  
6.3.1. Synthesis and Characterization of ZnOSiO2-X Nanoparticles 
ZnO/SiO2 nanoparticles were synthesized using a two-step process by 
mixing ZnO QDs with a colloidal solution of silica.268, 269 This method, however, 
did not produce the desired monodispersed ZnO nanoparticles inside the silica 
matrix. A new procedure was therefore designed in order to perform one-pot 
synthesis of ZnOSiO2-X NPs by using a W/O reverse microemulsion system 
under controlled parameters (Scheme 6.1). The amine complex of Zn2+ ions was 
prepared using AEAPTMS with trimethoxysilane functional groups. The Zn-
complex was allowed to hydrolyze and condense to give Zn-SiO2 inside the 
W/O reverse microemulsion system to control the shape, size and 
monodispersity of the particles. For increased stability and better dispersibility 
in aqueous solvents, a thin hydrophilic silica outer layer was formed via the 
subsequent polymerization of TEOS. Following demulsification, the zinc ion-
doped silica nanoparticles were collected and calcined in air for two hours at 
550°C, using a heating rate of 20°C/min, which led to the formation of ZnO 
clusters inside the silica matrix (ZnOSiO2-X NPs). As a control, ZnO 
nanoparticles were synthesized using a reported procedure for comparative 
studies, and characterized using EAL, SEM, TEM, DLS, and UV-Vis 
spectroscopic studies. 
A comparison of the SEM images (Figure 6.1a) and DLS data (Table 
6.1), shows that the synthesized pure ZnO NPs displayed poor stability in 
solvents such as ethanol, due to aggregation. The zetasizer measurements gave 
a large hydrodynamic diameter (Zavg) of around 661.4 nm, as compared to an 
SEM size of ~30 nm and PDI of 0.629, indicating aggregation of the particles 
in the solution.270, 271 The poor stability of the ZnO NPs is attributed to their 
high surface energy and low zeta potential (+ 6.21 eV).272  
Figures 6.1b and 6.1c show FESEM and corresponding TEM images of 
ZnOSiO2-1 and ZnOSiO2-4 NPs. The SEM images showed a spherical 
119 
 
morphology with an average particle diameter of around 100 - 120 nm. The 
EDX spectrum of ZnOSiO2-4 indicated the presence of Zn, Si, and O elements 
(Figure 6.1d). High magnification images showed a homogeneous distribution 
of ZnO QDs, with a size of 3 – 4 nm, inside the silica matrix (Figure 6.1e). The 
HRTEM images showed the lattice fringes with a spacing of around 0.24 nm, 
corresponding to the ZnO wurtzite structure (Figure 6.1f). Furthermore, Figure 
6.1f shows the corresponding selected area electron diffraction pattern, which 
confirms that the ZnO QDs with a polycrystalline configuration exist in 
ZnOSiO2 nanoparticles. All nanoparticles showed good dispersibility and a 
lower tendency for aggregation in polar solvents such as ethanol. DLS 
measurements showed that the ZnOSiO2-4 NPs have a hydrodynamic size (Zavg 
of 213.8 nm), which is larger than the dry particle size observed in the TEM 
micrographs (~120 nm), and a low polydispersity index of < 0.110, indicating a 
sample with low aggregate formation in solution. The above results indicate that 
ZnO QDs enclosed in the SiO2 matrix can be synthesized using a one-step 
method; which is important for many practical applications. 
The zeta potential (ζ) data provided in Table 6.1 illustrates the effect of 
AEAPTMS on the distribution of ZnO inside the SiO2 matrix. ZnOSiO2-A NPs 
(i.e., in the absence of AEAPTMS) were used as a control, and showed a lower 
negative zeta potential value of -13.9 mV than ZnOSiO2-Xn NPs  
(~ -20 mV). The low zeta potential of ZnOSiO2-A can be attributed to the 
random or non-uniform distribution of ZnO on the outer surface of SiO2 NPs. It 
is expected that the addition of AEAPTMS silane is important for the uniform 
distribution of Zn2+ ions within the silica matrix. The HR-TEM images show 
that there is a higher distribution of ZnO on the outside of the ZnOSiO2-A 
particles (Figure S6.2a, Appendix), while a homogenous distribution was 





Figure 6.1. FESEM images of: (a) ZnO; (b) ZnOSiO2-1 (0.075 mmol Zn); (c) 
ZnOSiO2-4 (0.45 mmol Zn) NPs, (d) EDX spectrum of ZnOSiO2-4; (e) TEM 
image of ZnOSiO2-4; and (f) HR-TEM showing lattice fringes corresponding 
to the wurtzite structure of ZnO QDs in silica matrix, (inset: corresponding 
selected area electron diffraction). 
EAL analysis of the samples (Table S6.2, Appendix) showed an increase 
in the wt% of Zn, from 3.3% (ZnOSiO2-1) to 11.5% (ZnOSiO2-4); and a 
decrease in the wt% of Si, from 45.5% (ZnOSi-1) to 17.5% (ZnOSiO2-4). The 
increased Zn loading within the ZnOSiO2-X core can also be observed in the 
HR-TEM images (see Appendix, Figures S6.2b and S6.2c), with a higher 
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density of ZnO observed for the higher loading ZnOSiO2-4 (0.45 mmol Zn) 
sample than for the ZnOSiO2-1 (0.075 mmol Zn). 
Table 6.1. Particle Size Distributions Determined by DLS and Surface Charge 
Measured by ζ-potential of ZnOSiO2-X NPs 
 
Figure 6.2a shows the XRD patterns of bare ZnO NPs. The peaks 
observed at 2θ are assigned to 100, 002, 101, 102, 110, 103, 112 and 201 of 
ZnO NPs. But broad, diffuse XRD peaks of non-crystalline silica overlapped 
with the diffraction peaks of ZnO lattice was observed for both ZnOSiO2-1 and 
ZnOSiO2-4 NPs (Figure 6.2b). Hence, the diffraction peak observed at 2θ ~ 34º 
is indexed as the (002) diffraction of ZnO wurtzite lattice. The low intensity of 
ZnO diffraction peaks is due to the poor crystallinity and small size (~ 3 - 4 nm 
by HR-TEM) of ZnO in ZnOSiO2 NPs.159, 273 
 
Figure 6.2.  XRD patterns of: (a) bare ZnO NPs (as synthesized); and (b) 
ZnSiO2-1 (■) and ZnOSiO2-4 (●) nanoparticles. X-ray diffraction patterns 
(XRD) were recorded using a Bruker – AXS: D8 DISCOVER with a GADDS 
Powder X-ray diffractometer with Cu-K α (λ = 1.54 Å) at 40 kV and 40 mA 
within a 2θ range of 10° to 80°. The samples were dried at 70°C for 24 hours 


















ZnOSiO2-2 0.15 0.15 197.3 0.124 -21.2  
ZnOSiO2-4 0.45 0.15 213.8 0.110 -27.3  
ZnOSiO2-




6.3.2. Photophysical Properties of ZnOSiO2-X NPs 
The UV-Vis absorption and emission spectra of ZnO and ZnOSiO2-4 
NPs are shown in Figure 6.3. The absorption spectrum of ZnOSiO2-4 (Figure 
6.3a) showed an absorption maximum at 315 nm; while that of ZnO NPs 
appeared at 370 nm. Both maxima showed a blue shift with respect to the 
absorption maximum of bulk ZnO (400 nm).274 According to literature, a blue 
shift results from a stronger exciton effect caused by the quantum confinement 
effect,275, 276 which becomes more prominent with a decreased particle size. The 
ZnO particles encapsulated within the silica matrix have a size of ~3 - 4 nm and 
a d-spacing of 0.24 nm (Figure 6.1e). The ZnO QDs dispersed in ZnOSiO2-4 
NPs display a larger quantum confinement effect and, consequently, a greater 
blue shift in absorption maximum than that of pure ZnO nanoparticles. 
    
                         
Figure 6.3.  (a) Normalized UV-Vis absorption spectra, and (b) fluorescence 
emission spectra, of ZnO NPs () and ZnOSiO2-4 (0.45 mmol Zn, ) NPs (λex 
= 300 nm, conc. = 3 mg/ml).  
The emission spectra (Figure 6.3b) show significant differences between 
the emissions from ZnO and ZnOSiO2-4 NPs. ZnO NPs showed a UV emission 
centered at 370 nm, with a broad and weak emission at 510 nm; while ZnOSiO2-
4 NPs showed a broad emission from 350 nm to 600 nm, with a maximum of 
around 470 nm. ZnO NPs display a characteristic near band-edge emission (370 
nm) that corresponds to the free-exciton recombination, and the broad visible 
emission (510 nm) is attributed to the electron-hole recombination caused by 
the presence of defects introduced during the synthesis.274-277 According to 
literature,278 singly-ionized oxygen vacancies are responsible for the green 
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luminescence of pure ZnO NPs observed at 510 nm. The green luminescence in 
our synthesized ZnO NPs, however, appears to be weak, indicating a lack of 
defects in the structure.279  
The absence of a UV band-edge emission, and the presence of a strong, 
broad emission band, centered at 470 nm for ZnOSiO2-4 NPs, are observed in 
ZnO QDs.280 According to literature, the blue emission is attributed to the 
presence of zinc interstitial defects in the ZnO lattice.274-277 It is conceivable that 
the ZnO QDs enclosed inside the ZnOSiO2-4 NPs contain surface defects, 
which may have led to the observed intense blue-white photoluminescence. 
6.3.3. Effect of the Concentration of ZnO on the Photophysical Properties 
of ZnOSiO2-X NPs  
Figure 6.4 shows comparison of photoluminescence of ZnOSiO2-X NPs 
with pristine ZnO NPs under UV irradiation. The ZnOSiO2-1 (0.017 mmol of 
Zn) sample showed a comparatively higher blue-white emission than the 
ZnOSiO2-4, which showed a bright white luminescence. The fluorescence 
intensity of ZnOSiO2-X NPs can therefore be enhanced by increasing the Zn 
loading inside the silica matrix. 
 
                                             
Figure 6.4.  Optical images of (1) SiO2, (2) ZnOSiO2-1, and (3) ZnOSiO2-4, 
NPs in water illuminated under (a) white light, and (b) UV light (λex = 365 nm, 
conc. = 8 mg/mL). 
The fluorescence spectra of ZnOSiO2-X NPs containing different 
concentrations of Zn loadings (Table 6.1) were collected and provided in Figure 
6.5a. ZnOSiO2-4 showed an intense, broad emission centered at  
~470 nm (blue emission) and an absence of band-edge UV emission. The 
intensity of the blue emission increases with a higher Zn loading and may be 
attributed to the introduction of interstitial defects which are responsible for the 
blue emission. ZnOSiO2-1, however, showed a broad fluorescence emission 
(b) (a) 1 2 3 2 3 1 
124 
 
from 300 nm to 550 nm, with a maximum at 385 nm. This comprised both band-
edge UV and defect-related visible emissions, which appears to be the 
intermediate of the photoluminescent properties of pure ZnO and ZnOSiO2-4 
nanoparticles. 
                                                       
 
Figure 6.5. Fluorescence emission spectra of: (a) ZnOSiO2-1 (0.075 mmol Zn, 
), ZnOSiO2-2 (0.15 mmol Zn,▼), ZnOSiO2-3 (0.30 mmol Zn, ), 
ZnOSiO2-4 (0.45 mmol Zn,) NPs, and (b) ZnOSiO2-4 NPs with () and 
ZnOSiO2-A without () AEAPTMS in ethanol (λex = 300 nm, conc. = 3 
mg/ml). 
6.3.4. Effect of AEAPTMS as Ligand for the Synthesis of ZnOSiO2-X NPs 
To understand the importance of AEAPTMS for the entrapment of Zn2+ 
ions inside the silica matrix, ZnOSiO2-X NPs were synthesized without the 
addition of AEAPTMS. The fluorescence emission spectra of ZnOSiO2-4 silica 
nanoparticles, with and without AEAPTMS, are shown in Figure 6.5b. A weak, 
broad emission peak centered at ~390 nm was observed for a sample prepared 
without the addition of AEAPTMS (ZnOSiO2-A). Elemental analysis data 
(Table S6.2) suggests a lower Zn loading (9.01 mass% Zn) in ZnOSiO2-A NPs 
than for the sample prepared in the presence of AEAPTMS (11.5 mass% Zn, 
ZnOSiO2-4). This could be due to the random distribution and poor 
encapsulation of the ZnO particles in the ZnOSiO2-A sample, which may have 
led to reduced emissions from the particles. 
6.3.5. Preparation and Properties of ZnOSiO2-X /PDMS Film  
The synthesized ZnOSiO2-4 NPs were mixed with 




(Figure 6.6). Following one minute of irradiation by a UV lamp, the transparent 
film showed an intense white luminescence (Figure 6.6B).  
Figure 6.6. SiO2 (A), ZnOSiO2-4 NPs dispersed PDMS film in the presence 
(B), and in the absence (C), of UV exposure (scale bar, 1 cm). 
Interestingly, the calcined ZnOSiO2-4 nanoparticles showed an 
afterglow phenomenon when the particles were irradiated under a UV lamp for 
one to two minutes. Upon removal of the irradiation source, the  
ZnOSiO2-4 nanoparticles displayed an emission of light for a few seconds, 
which could be observed with the naked eye. Figures 6.6B and 6.6C show the 
emissions from ZnOSiO2-4 NPs dispersed in PDMS film, in the presence and 
absence of a UV light source. The fluorescence spectra of ZnOSiO2-4 /PDMS 
film (Figure 6.7a) show an emission maximum at 433 nm. The phosphorescence 
emission spectra were recorded using an excitation wavelength of 300 nm for 
ZnOSiO2-4 NPs dispersed in PDMS film as well as in an aqueous medium 
(Figure 6.7b); and the phosphorescence maxima were observed at 410 nm in 
PDMS film and at ~466 nm in water. The phosphorescence lifetime of 
ZnOSiO2-4 NPs was measured and recorded, as provided in Figure S6.3 
(Appendix), and it was noted that the phosphorescence lifetime decay is around 
0.6 ± 0.03s. 
Figure 6.7. Fluorescence emission (a), and phosphorescence emission (b), 
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spectra of ZnOSiO2-4 NPs dispersed in PDMS film (20 mg/ml, ■) and in water 
(inset image) (8 mg/ml, ●); (λex = 300 nm). 
6.3.6. Demonstration of UV-Vis Active Invisible Print  
In order to demonstrate the suitability of ZnOSiO2-X NPs as a pigment 
for developing invisible print, two methodologies for the printing process were 
used, i.e., a desktop printer and a simple inexpensive stamp pad (Figures 6.8A 
and 6.8B). ZnOSiO2-X NPs were mixed with PDMS or PVA polymer to form 
a homogeneous solution and formulated as ink for use with both a desktop 
printer and a stamp pad. Both methods are capable of producing clearly defined 
images. Such prints are invisible on white substrates and exhibit white 
fluorescence when exposed to a UV light source (Figures 6.8A-ii and 6.8B-ii). 
The above experiment demonstrates the suitability of ZnOSiO2-X NPs as 
potential nanopigments for invisible printing technology.  
 
 
Figure 6.8. (A) Printed pattern from ZnOSiO2-4 NPs/PDMS using inkjet 
printing method; and (B) printed pattern from ZnOSiO2 -1 NPs/PVA using 
stamp pad method, before and after exposure to UV lamp (λex = 365nm), where: 
i) print is on black background, and ii) print is on white background, to exhibit 
invisible ink properties (scale bar, 1 cm). 
The thermal stability of the ZnOSiO2-1 /PVA print was also measured 
by heating the printed substrates at 100°C for various intervals of time, and the 
corresponding changes in emission spectra were recorded (Figure S6.4, 
Appendix). No significant changes in the intensity of emission spectra were 
observed by heating the sample at 100°C for two days, indicating good thermal 
stability for ZnOSiO2 –X NPs/PVA ink, making it an ideal ink for use in 





ZnOSiO2-X NPs were synthesized by a novel reverse microemulsion 
method, using chelated Zn salt as a precursor, along with TEOS. Following 
calcination, ZnOSiO2-X NPs (X = 1, 2, 3, 4) were obtained and fully 
characterized with various techniques. The photoluminescence characteristics 
of ZnOSiO2-X NPs are different from those of pure ZnO NPs, including the 
disappearance of the characteristic band-edge UV emission at 385 nm and the 
presence of an intense emission at 470 nm. The ZnOSiO2-X NPs showed a blue-
white emission and phosphorescence emission under UV irradiation. The 
ZnOSiO2-4 NPs doped PDMS film showed strong luminescence properties in 
both solid and solution phases. In addition, monodispersed NPs are easily 
dispersed in aqueous polar solvents, which makes them an interesting and ideal 
candidate for various applications. As a proof of concept, UV reactive invisible 
printing was demonstrated by using a ZnOSiO2-4 NPs/PDMS mixture for both 
inkjet printing and mechanical stamping. The printed images were stable at 
100°C for two days, displaying only very low levels of degradation. The 
prepared stable luminescent silica NPs may be suitable for application in a wide 





























ONE-POT SYNTHESIS OF FLUORESCENT ORGANIC-
















7.1. Introduction  
In recent years, the design and development of highly mesoporous 
organic-inorganic hybrid materials has attracted a great deal of attention.281-284 
The structural diversity and enhanced physiochemical properties of the hybrid 
materials can be applied to advantage in host-guest chemistry, catalysis, 
optoelectronics, and targeted drug delivery.285-289 During the past two decades, 
exploration has been conducted into mesoporous silica with different pore 
dimensions and with the incorporation of small molecules or catalysts inside the 
silica framework.290-293 
The recent use of metal and metal oxide nanomaterials in commercial 
products has led to the contamination of water and the environment. Many 
methods and materials have been developed for water purification, including 
filtration, absorption, and other membrane separations.294-304 Even though a 
large number of absorbents have been reported to remove pollutants, however, 
none are efficient and universal for the removal of all pollutants.305-312 New, 
more efficient methods and materials are required in order to improve water 
purification. 
Shimojima’s group reported the synthesis of silica-based hybrid porous 
materials using the reaction between octa(hydrido)silsesquioxane and various 
aliphatic diols.313 With the exception of this group's report, however, a detailed 
investigation of the direct condensation of TEOS with aromatic phenols and 
diols to form hybrid materials has not been undertaken. Herein, we report the 
reactions of TEOS with a series of bisphenols/diols to form organic-inorganic 
hybrid materials. We hypothesize that, based on the nature and properties of 
diols, the amount of organic moiety incorporated inside the lattice will differ; 
and the synthesized materials are expected to show different properties. Diols 
need to compete with the self-condensation of TEOS during the formation of 






Scheme 7.1. Schematic representation of polycondensation of TEOS and 
aromatic/aliphatic diols. 
 One potential application of hybrid materials in the development of 
stable absorbents for the extraction of dissolved organic dyes and gold/silver 
nanoparticles from water is explored in detail in the following section. 
 
7.2. Experimental Section 
7.2.1. Materials 
Tetraethylorthosilicate (TEOS), 1,4-dihydroxybenzene (DHB),  
2,7-dihydroxynaphthalene (DHN), 2,5-dihydroxyterephthalic acid (DHTA), 
diethyl-2,5-dihydroxy-terephthalate (DHTE), 1,8 - dihydroxyanthraquinone 
(DHAQ), 1,8-octanediol (Oct), 1,12-dodecanediol (Dod), methylene blue (MB), 
neutral red (NB), brilliant blue (BB), and rhodamine B (RB) were purchased 
from Sigma Aldrich and used in our experiments as received. All solvents used 
for the experiments are of analytical grade quality. Deionised water was used 
for the preparation of nanoparticle solutions. Gold nanoparticles (AuNPs) and 
silver nanoparticles (AgNPs) of diameter ~20 nm were prepared according to a 
reported procedure.302 
7.2.2. Characterizations 
The IR spectra were recorded in the range of 4000 - 400 cm-1 using a 
Bruker ALPHA FT-IR spectrophotometer with a resolution of 4 cm-1. Solid 
state 29Si NMR analysis was performed on a Bruker Avance 300 (AV300) with 
an auto-tunable 5 mm Quad-nuclei QNP probe. A CHNS Elementar Vario 
Micro Cube instrument was used to study the elemental composition of the 
samples. The thermal analysis of the samples was performed on a TA instrument 
2960 (DTA-TGA) analyzer within a temperature range of  
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30°C - 800°C. The calcination of hybrid materials was performed using a 
Carbolite furnace. The BET absorption studies were carried out on a 
Quantachrome NovaWin instrument using nitrogen gas as absorbent. The 
UV/Vis absorption studies were performed on a Shimadzu-1601 PC 
spectrophotometer. The steady state fluorescence studies were carried out on an 
Agilent Cary Eclipse Fluorescence spectrophotometer. The presence of 
nanoparticles was examined using a JEOL-Cryo transmission electron 
microscope. Energy dispersive X-ray spectroscopy (EDS) analysis was 
performed using a Field Emission Scanning Electron Microscope (JEOL JSM-
6701F). Wide angle X-ray diffraction (XRD) was recorded using a Bruker-AXS: 
D8 DISCOVER with a GADDS Powder X-ray diffractometer with Cu-Ka (λ = 
1.54 Å) at 40 kV and 40 mA over a range of 2θ angle of 5° to 80°. 
7.2.3. Synthesis of Silicon-Based Organic-Inorganic Hybrid Materials 
In a round bottom flask, tetraethylorthosilicate (2 g, 9.6 mmol) was 
added along with hydroquinone (DHB, 2.21 g, 21.6 mmol) or appropriate 
amounts of other diols (Figure 7.1).  10 mL of anhydrous dimethylformamide 
(DMF) was added to this mixture under nitrogen atmosphere, and the mixture 
was heated to 150°C. While the aromatic diols were autocatalytic, 
trifluoroacetic acid (1.83 mL, 24 mmol) was added in the case of aliphatic diols 
and refluxed for 16 hours. The mixture was cooled to room temperature, and the 
crude mixture was precipitated in anhydrous ether (50 mL). The precipitates 
were collected and washed several times with ether, and sonicated using THF 
to remove any impurities. The hybrid material was dried under vacuum 
overnight at 60°C to yield the desired product (yield 89%). A similar procedure 
was adopted for the synthesis of hybrid materials from other aromatic phenols 




                       
Figure 7.1: Structures of phenols and diols used in the present study. 
 
7.3. Results and Discussion 
The hydrolysis of tetraethylorthosilicate (TEOS) under different 
conditions has been used to prepare a large number of interesting mesoporous 
materials. Here, we employ the aromatic diols catalysed by the hydrolysis of 
TEOS to form organo-silica hybrid materials, as shown in Scheme 7.2. The 
presence of organic moieties inside the silica lattice is confirmed using different 
techniques and details.  
 
Scheme 7.2: Condensation of TEOS in the presence of aromatic or aliphatic 
diols. 
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7.3.1. Characterization of Hybrid Materials 
The hybrid materials were characterized using Fourier Transform 
Infrared Spectroscopy (FT-IR), 29Si NMR, thermogravimetric analysis (TGA), 
and elemental analysis. The FT-IR spectra of the compounds showed a 
stretching vibration of the Si‒O‒Si bond at 1100 cm-1 (Figure S7.1, Appendix), 
and of the Si‒O‒C bond at 1050 cm-1, masked by a broad peak of Si‒O‒Si 
stretching.314 The powder XRD spectra of all hybrid materials are provided in 
Figure 7.2. Multiple sharp peaks were observed in the range of  
2θ = ~20o - 30o, which indicates the presence of some degree of crystallinity for 
the lattice of hybrid materials. 
 
 
Figure 7.2. Powder XRD patterns of pristine hybrid materials at ambient 
conditions. 
29Si NMR analysis of all prepared hybrid materials is provided in Figure 
7.3. The NMR spectra of hybrid materials showed peaks around δ= -90, -100, 
and -110 ppm at the Q-region, corresponding to the Q2, Q3, and Q4 regions (Qn= 
(Si-(OSi)n(OH)4-n) of Si atoms in the presence of multiple chemical 
environments. The position of the peaks depends on the nature of the different 
diols used for the synthesis.315 The 29Si NMR spectra of all materials showed a 





Figure 7.3. Solid state 29 Si NMR spectrum of silicon hybrid materials derived 
from bisphenols and diols. 
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The peaks at -101 ppm in the Q3 region of the spectra shows the  
-O-Si-O-C bonds in the hybrid material; and a slight variation in chemical shift 
was observed, depending on the organic precursor used. In the case of aromatic 
diols, the Q3 peak appeared at a higher chemical shift owing to the electron 
withdrawing effect of the aromatic groups. 
The thermal behavior of the synthesized silicon-based hybrid materials 
was examined using thermogravimetric analysis (TGA). The TGA traces of all 
materials are given in the supporting information (Figure S7.2, Appendix). As 
expected, the compounds showed a gradual weight loss up to 600°C, indicating 
the degradation of organic species present in the system. The initial weight loss 
was observed at 250°C, at which point the organic residues began to degrade. 
The residual weight observed from the hybrid material was consistent with the 
elemental analysis data obtained for the Si content. The experimentally obtained 
elemental compositions were compared to theoretical elemental values of the 
hybrid materials, assuming 100% functionalization of TEOS.  



















































































































































































 The C/Si ratio was calculated from experimental and theoretical 
elemental analysis data (Table 7.1). From the comparison of elemental analysis 
data, it is noted that the percentage incorporation of diols into the silica lattice 
is low (~20%) when compared to the theoretical C/Si ratios. The experimentally 
observed C/Si ratios are lower than the theoretically calculated values. This is 
expected owing to the different levels of reactivity and heterogeneity created by 
aromatic diols inside the silica lattice. The 29Si NMR and EAL results suggest 
the formation of both Si‒O‒Si and Si‒O‒C bonds during the condensation 
reactions. 
7.3.2. Photophysical Studies of Hybrid materials 
UV/Vis and steady state fluorescence spectra of hybrid materials 
incorporated with fluorescent groups were recorded in DMSO (Figure 7.6) and 
the data are summarized in Table 7.2. In all cases, the hybrid materials showed 
absorption maxima corresponding to the organic chromophores present inside 
the lattice. UV/Vis spectra of one of the starting material, 
dihydroxyanthraquinone (DHAQ) and the hybrid material, Si-DHAQ are given 
in Figure 7.4. There are two absorption maxima for the silica hybrid, one 
belongs to the absorption maximum of DHAQ (λmax) at 430 nm and the other at 
530 nm. Since we removed all unreacted DHAQs by repeated washing, it is 
likely that the observed 2 peaks correspond to those molecules on the surface of 
hybrid materials (i.e. monofunctionalized) and inside the lattice of hybrid 
materials. The observed absorption maximum at 530 nm corresponds to 
structurally confined covalently attached anthraquinone moieties within the 
hybrid lattice.317  
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Figure 7.4: Absorption spectra of starting material (DHAQ) and Si-DHAQ in 
DMSO. Concentration of the samples: 50 ppm.  
The absorption and emission maxima of aromatic diols are slightly red 
shifted (< 10 nm) in the hybrid materials. This implies little change in the 
structure of chromophores during the reaction with TEOS. 
 
Figure 7.5: The solutions of dihroxynaphthalene (DHN) and hybrid material 
Si-DHN before and after exposure to UV irradiation. DHN is not fluorescent, 
however the hybrid material shows a blue fluorescence in DMSO. 
The starting aromatic diols in pure form (DHN) showed weak or no 
emission after exposure to UV irradiation, but after incorporation into the hybrid 
lattice (Si-DHN), the emission intensity increased significantly (Figure 7.5). 
This is due to the removal of acidic phenolic protons from the aromatic diols of 






Table 7.2. Absorption maxima (λmax) and emission (λemi) maxima in nm of 






 λmax λemi λmax λemi 
1,8-DHAQ 430 600a 430, 520 610 
DHB 299 332 297 327 
DHN 290 348 330 356 
DHTA 370 505 374 520 
                               a = Ref 318 
 
 
Figure 7.6. Normalized absorption (A) and emission (B) spectra of hybrid 
materials in DMSO. Concentration of samples: 50 ppm. λex was 300 nm for Si-
DHB and Si-DHN, 380 nm for Si-DHTA, and 510 nm for Si-DHAQ. 
7.3.3. Morphology of Hybrid Materials 
The morphologies of the hybrid materials were examined using 
scanning electron microscopy, by dispersing the hybrid materials in THF and 
drop casting onto a glass substrate. The SEM micrographs are appropriately 
labeled in Figure 7.7. The surface morphologies of the hybrid materials were 
mostly rough with no specific shapes or structures observed. The alkyl 
functionalized hybrid materials, Si-Oct and Si-Dod, formed linear, transparent 
needles upon evaporation of the solvent (Figure S7.7). The hybrid material, Si-
DHTA, formed micrometer-sized crystals with twin cone morphology. Further 
research is required to explore the correlation between the observed 






Figure 7.7. SEM images obtained from drop casting of dispersed materials in 
THF (A) The  UV-Vis absorption spectra of the aqueous solution of methylene 
blue before ( ) and after ( ) adsorption experiments with Si-Oct 
as adsorbent. The adsorbent dosage was 15 mg and dye concentration was 50 
ppm. 
7.3.4. Extraction of Pollutants from Water 
The extraction abilities of silica hybrid materials were first studied using 
aqueous solutions spiked with water soluble organic dyes such as methylene 
blue (MB), brilliant blue (BB), neutral red (NR), and rhodamine B (RB), which 
are frequently used in textile industries. A known amount of silica hybrid 
materials (0.015 g) was added to an aqueous solution of pollutants, and agitated 
for two hours using an orbital shaker. The adsorption process was monitored 
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using UV-Vis absorption spectroscopy. Figure 7.7A shows the UV-Vis 
absorption spectra of the aqueous solution of methylene blue, before and after 
adsorption by the hybrid material. All dyes were efficiently extracted and 
removed from the aqueous solution. 
By measuring the absorbance intensity of the solution at λmax, before and 
after adsorption experiments, the concentrations of dyes or other pollutants were 
determined from a standard calibration curve. Further, the extraction 
efficiencies of pollutants were calculated using the following equation 7.1.319 
Extraction efficiency (%) =  JKJLJK   × 100                                  (7.1) 
where Ci and Cf are initial and final concentrations of pollutants. The extraction 
efficiencies of silica hybrid materials in the removal of organic dyes are 
provided in Table 7.3. 
 
Table 7.3. Extraction efficiencies of silica hybrid materials for organic dyes in 
water. Adsorbent dosage: 0.015 g, concentration of dyes: 50 ppm 
Material 






Red Rhodamine B 
Si-DHB 86.2 75.9 52.7 82.1 
Si-DHN 99.3 89.8 80.8 92.3 
Si-DHAQ 82.1 88.5 65.8 89.4 
Si-DHTA 75.2 69.5 49.3 89.1 
Si-DHTE 72.1 67.8 62.3 81.9 
Si-Oct 82.8 96.1 41.5 98.7 
Si-Dod 96.3 95.9 53.8 93.5 
 
In addition, the silica hybrid materials were also used for the extraction 
of AgNPs and AuNPs from aqueous solutions (Figures S7.3-S7.6, Appendix). 
The UV-Vis absorption spectra of nanoparticles were recorded before and after 
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adsorption (Figure 7.8). The hybrid materials showed good adsorption 
efficiency (~98%) for both metal nanoparticles. After nanoparticle extraction, 
the presence of any nanoparticles on the surface of the silica hybrid materials 
was confirmed by TEM (Figure 7.9). The energy dispersive X-ray spectroscopy 
(EDS) patterns of the Si-Oct hybrid material, with gold and silver nanoparticles 
adsorbed on the surface of hybrid materials, showed the presence and capture 
of nanoparticles (Figure S7.8, Appendix).  
 
Figure 7.8. UV/Vis absorption spectra of citrate stabilized Au nanoparticles (A) 
and Ag nanoparticles (B), before ( ) and after ( ) adsorption when 
Si-Oct was used as adsorbent. Adsorbent dosage: 15 mg, concentration of Au 
and Ag NPs = 20 ppm. 
 
 
Figure 7.9. Transmission electron micrographs of silica hybrid, Si-Oct, before 
and after adsorption of Ag and Au NPs. 
Time dependent extraction studies show that ~50% of nanoparticles 
were removed within one hour after mixing and shaking with hybrid materials. 
The extraction efficiencies of hybrid materials were calculated using  





Table 7.4. Extraction efficiency of silica hybrid materials for the removal of 
gold (Au) and silver (Ag) nanoparticles. Adsorbent dosage = 0.015 g, 
concentration of nanoparticle solution = 20 ppm 
 
Material 









Au NP (PVP 
capped) 
Si-DHB 74.6 73.8 71.9 75.4 
Si-DHN 88 74.8 77.3 80 
Si-DHAQ 47.5 49 41.7 33.6 
Si-DHTA 66.9 58.9 67.4 50 
Si-DHTE 44.5 66.5 50.7 41.8 
Si-Oct 99.3 99.1 96.2 91.3 
Si-Dod 99.5 99.3 97.2 90 
 
The adsorption capacity qe (mg/g) of the silica-hybrid materials for 
nanoparticles was calculated using the following equation 7.2.319, 320 
NO = (PQ − PO) RSTU                 (7.2) 
where C0 and Ce (mg/L) are concentrations of nanoparticles at initial and 
equilibrium conditions, VL is the volume of the pollutant solution, and Mg is the 
mass of the absorbent. Using the above equation, the maximum extraction 
capacity (qe) of the hybrid materials is calculated. Si-Oct showed a maximum 
extraction capacity with a qe value of 2.56 mg/g for the extraction of gold 
nanoparticles.  
 The presence of organic moieties in the hybrid material plays a 
significant role in extraction efficiency, by enhancing the interaction of 
nanoparticles with the hybrid material. This is confirmed from control 
experiments, in which calcined samples and commercial grade silica were used 
as adsorbents. They all showed poor extraction efficiencies of ~30% for the 
removal of Au-Citrate NPs (Figure S7.9, Appendix). 
The amount of organic groups inside the hybrid lattice can be indirectly 
confirmed through calcination and measuring the pore volume inside the 
calcined sample. The degassed calcined silica samples were loaded onto a glass 
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sample holder, and nitrogen was used as the adsorbate at 77 K. Pore 
characteristics of the hybrid materials were examined using nitrogen 
adsorption-desorption measurements. As expected, the hybrid materials showed 
no gas adsorption-desorption behavior prior to calcination, indicating a close-
packed network structure for the hybrid lattice. The hybrid materials were 
calcined in air at 800ºC, with a slow heating rate of 1ºC/min, to remove all 
organic contents. The surface area and pore size distribution of the calcined 
hybrid materials were measured using the multiple point Brunauer-Emmett-
Teller (BET) method. From the adsorption-desorption isotherms, specific 
surface areas and pore sizes were determined (Table 7.5).   
Table 7.5. Parameters obtained from BET nitrogen gas adsorption isotherm 
Calcined Sample Surface Area (m²/g) Pore Size (Å) 
Si-DHB 56.412 12.058  
Si-DHN 124.123 12.323  
Si-DHAQ 652.983 12.447 
Si-DHTA 579.305 12.214  
Si-DHTE 71.464 12.210 
Si-Oct 690.942 12.543  
Si-Dod 571.149 12.682 
 
Following calcination, the surface areas observed were in the range of 
56.4 m2/g to 690.9 m2/g. The largest surface areas and pore diameters were 
observed for the calcined Si-Oct and Si-DHAQ materials, with the lowest being 
for Si-DHB and Si-DHTE. The elimination of organic content during the 
calcination process led to the creation of pores inside the solid lattice of the 
hybrid materials.  
This synthetic method is simple and versatile for developing a series of 
hybrid materials. The hybrid materials can be synthesized in large quantities and 





Silica-based novel organic-inorganic hybrid materials were synthesized 
via one-pot synthesis of TEOS with aromatic bisphenols and diols. As expected, 
the solid state29 Si NMR spectra revealed the presence of Si-O-Si and Si-O-C 
bonds in the hybrid materials, implying that both self-condensation and 
intermolecular condensation with diols occur during the synthesis. Based on 
elemental analyses, the amount of diols incorporated into the hybrid materials 
is ~30%. Calcination of the hybrid materials led to the creation of porous silica 
materials. In contrast to the pure starting materials, the materials prepared using 
aromatic bisphenols showed intense luminescence emission upon excitation. 
All materials showed a high extraction efficiency (96.3%) for the removal of 
gold citrate nanoparticles from water. Our results suggest that silica-based 
organic-inorganic hybrid materials, functionalized with aliphatic diols, are the 
most suitable materials for the removal of nanowaste generated by academic 

















































 The main aim of this thesis is to understand the structure-property 
relationship of fluorophore functionalized silica materials. Silica was selected 
as the matrix owing to many desirable properties such as optical transparency, 
chemical stability, mechanical stability, and ease of synthesis for designing 
novel hybrid nanomaterials. Luminescent silica nanoparticles have been widely 
explored in biomedical and therapeutic applications; however, limited studies 
have been carried out to understand dye organization in silica nanoparticles and 
its effect on certain applications. We have therefore attempted to study the 
structure-property relationship by synthesizing luminescent hybrid silica 
materials and examining how the structural changes affect certain properties. 
In Chapter 2, we explored the use of perylene diimide (PDI) and 
perylene monoimide (PMI) as fluorescent probes for the detection of common 
amines in solution. We carried out systematic investigations to understand 
molecular interaction using primary, secondary, and tertiary amines as electron 
donors, and perylene derivatives as electron acceptors in solution. Results from 
steady state luminescence spectroscopy suggested that the PDI and PMI 
interact with the amine derivatives in the excited state, which leads to 
photoinduced electron transfer and fluorescence quenching. Stern-Volmer plots 
were used to understand the quenching behaviors of perylene derivatives in the 
presence of various amines. The bimolecular rate constants of dynamic 
quenching have been deduced for PDI, with values in the range of 1.8 x 109 M-
1s-1 for primary amines, 8 x 109 M-1s-1 for tertiary amines, and 2.2 x 1010 M-1s-1 
for anilines. Similar quenching rate constants for primary, secondary, and 
tertiary amines were also observed for PMI. PDI showed higher rates of 
selectivity in solution for bulky hydrophobic amines than linear primary amines. 
Such interactions should be investigated further to understand the response of 
perylene-based sensors for amines, since current studies involve only the 
solution state which cannot be used as a reusable sensor.  
In Chapter 3, three different fluorescent silica hybrid nanoparticles were 
prepared from appropriate ratios of perylene derivatives and tetraethyl 
orthosilicate (TEOS). The three models differ, depending on the 
distribution/arrangemment of perylene inside or outside the silica matrix. The 
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structure and morphology of the hybrid materials were characterized using a 
range of techniques involving an electron microscope (SEM and TEM), 
spectroscopy (FTIR, UV), and thermal analysis (TGA). The organization of the 
dyes in three different silica nanoparticles was explored using steady state 
fluorescence and fluorescence anisotropy studies. The interactions and changes 
in the optical properties of the silica, in the presence of amines, were tested and 
quantified in both the solution and vapor phases, using a 
spectrofluorophotometer. The perylene-incorporated silica nanoparticles and 
nanoprecipitated perylene nanoparticles showed ~90% quenching efficiency for 
aniline, as opposed to the ~60% efficiency shown by the perylene silica 
nanoparticles prepared using the Stoeber method. The synthesized materials are 
stable in air and can be regenerated after washing with diluted acids/water and 
reused for the sensing of amines.  
In Chapter 4 we investigated the aggregation-induced segregation of 
perylene diimide (PDI) to control the surface morphologies and properties of 
silica nanoparticles. Differentially functionalized PDI was incorporated on the 
surface of silica nanoparticles through Si-O-Si bonds. The absorption and 
emission spectra of the resultant functionalized nanoparticles showed 
monomeric or excimeric peaks, based on the amounts of perylene molecules 
present on the surface. Contact angle measurements carried out on thin films 
prepared from nanoparticles showed that unfunctionalized nanoparticles were 
superhydrophilic with a contact angle (CA) of 0º; whereas perylene 
functionalized silica particles were hydrophobic with a CA of > 130°, and 
nanoparticles functionalized with PDI and trimethoxy(octadecyl)silane 
(TMODS) in an equimolar ratio were super hydrophobic with a static CA of > 
150° and a sliding angle (SA) of < 10°. In addition, the near infrared reflectance 
(NIR) properties of PDI-incorporated silica nanoparticles can be used to protect 
various heat sensitive substrates. The concept developed in this paper offers a 
unique combination of super hydrophobicity, interesting optical properties, and 
NIR reflectance in nanosilica, which could be used for interesting applications 
such as self-cleaning surface coatings, and for its NIR reflection properties.  
Chapter 5 developed a simple insitu functionalized heterogeneous 2D 
silica film at the liquid-liquid interface, via the polymerization and full 
characterization of octadecyltrichlorosilane and perylenediimide silane 
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precursors. The films formed were characterized using IR, SEM, XRD, and 
TGA analyses. The wetting property of the silane film was determined using 
contact angle measurement. The octadecylsilane film showed a water contact 
angle of ~107º on the surface of the silane film, which was in contact with the 
organic side, and ~70º on the side in contact with the water side. This difference 
in contact angle is attributed to the arrangement of functional groups on each 
side of the film, i.e., long hydrophobic alkyl groups on the chloroform side, and 
–Si-OH networks on the surface of the film facing the water side. To further 
explore the surface wetting and photophysical properties, the film was 
synthesized via various combinations of perylene and octadecyldecyl silane 
precursors. An increase in the concentration of octadecylsilane precursor was 
observed to disrupt the π-π stacking of the perylene groups, which led to 
changes in the aggregation properties of the silane films. Spectrophotometry 
was used to study the observed changes in the optical properties owing to the 
aggregation of perylene by varying concentrations of both monomers. Such 
bifunctional films could be useful for creating interesting coatings on substrates. 
In Chapter 6, luminescent ZnO-SiO2 nanoparticles (ZnOSiO2-X NPs) 
were designed and synthesized using the reverse microemulsion method. Here, 
ZnO quantum dots were prepared in situ, encapsulated with the silica network, 
and homogenously distributed inside the matrix of the ZnOSiO2-X NPs. The 
structural and optical properties of the nanoparticles were fully established 
using a variety of techniques. High-resolution TEM micrographs and electron 
diffraction data confirmed the presence of ZnO quantum dots inside the silica 
nanoparticles. The ZnOSiO2-X NPs displayed an intense blue-white 
luminescence, and the intensity varied with changes in the composition of the 
particles. In addition to fluorescence emission, these particles showed 
phosphorescence emission in solution and in solid state. As a proof of concept, 
UV reactive invisible printing was demonstrated by using a ZnOSiO2/PDMS 
mixture in inkjet printing and mechanical stamping. The prepared stable 
luminescent NPs could be suitable for use in applications such as bioimaging, 
inkjet printing, or stamping for nanoelectronics.  
In Chapter 7, a series of silicon-based organic-inorganic hybrid 
materials was synthesized through a one-step process of reacting tetraethyl 
orthosilicate with aromatic bis-phenols and aliphatic diols. The structure of the 
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hybrid lattice was established using Fourier Transform Infrared Spectroscopy, 
29Si NMR, electron microscopy, and thermogravimetric and elemental analyses. 
The photophysical properties of the hybrid materials were established using 
absorption and emission spectroscopy as a proof of concept, and the hybrid 
materials were used for the removal of organic dyes and nanoparticles from 
water. The materials showed a high extraction efficiency (~ 96.3%) for metal 
nanoparticles. The morphologies of solid materials after extraction were 
analyzed using TEM, and spherical metal nanoparticles were observed on the 
surface. Such stable, environmentally-friendly functional hybrid materials 
could be suitable for use in many applications. 
 
8.2. Future Studies 
Even though silica-based materials have been widely studied since the 
1980s, there is still much scope for their development for use in a wide range of 
applications. In particular, fluorescent-based nanomaterials are gaining 
popularity in current research and development. In this thesis, we have explored 
the structure-property correlations of fluorophore-doped silica-based materials, 
which can be in the form of particles, two-dimensional films, or composites. We 
also investigated interesting optical properties of these materials indicating 
potential future applications. Perylene has been used as a fluorophore due to its 
high quantum yield and its efficiency as a sensor for amines. Further, it is 
possible to improve the sensitivity and develop selective sensors for analytes of 
interest. Similarly, 2D silica film formation at the interface provides a great 
platform for a wide range of applications, including the development of a silane 
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S2.1. Preparation of N,N’-bis (2-ethylhexyl) perylene-3,4,9,10-
tetracarboxylic diimide (PDI).  
N,N’-Bis (2-ethylhexyl) perylene-3,4,9,10-tetracarboxylic diimide was 
synthesized based on a literature report.136 2-Ethyl hexylamine (3.3 g, 25.4 
mmol) was added to a solution of perylene-3,4,9,10-tetracarboxydianhydride 
(2.3 g, 5.2 mmol) in a mixture of dimethylacetamide (30 mL) and dioxane (30 
mL). The mixture was refluxed at 120 ºC for 4 hours, filtered, the residue was 
washed with water ( 2 x 30 mL) and dried at 60 ºC to yield a red solid product 
(2.2 g, 70%). 1H NMR (300 MHz, CDCl3, δ, ppm): 8.71 (d, J = 8.0 Hz, 4H), 
8.65 (d, J = 8.0 Hz, 4H), 4.2 (4H, m), 1.93 (2H, m), 1.34 (16H, m), 0.98 (12H, 
m); FT-IR stretching (cm-1): 2958-2858 (C-H stretching of alkyl chains), 1695-
1651 (imide C=O stretching), 1594 (aromatic C-C stretching ), 1441 (C-N 
stretching from perylene diimide). MS (APCI-TOF): calculated for C40H42N2O4: 
614.3150, found: 614.3137. 
S2.2. Preparation of N-(2-ethylhexyl)perylene-3,4-anhydride-9,10-imide 
(PMI). 
N-(2-Ethylhexyl)perylene-3,4-anhydride-9,10-imide was synthesized 
according to a published procedure.137 Perylene dianhydride (1.0 g, 2.3 mmol) 
and 2-ethylhexylamine (1.5 g, 11.5 mmol) were mixed in ethanol - water 
mixture (70 mL, volume ratio 4:1) and refluxed at 90 ºC for 6 hrs. The reaction 
mixture was cooled and stirred overnight by adding conc. HCl (40 mL, 12 M) 
and water (40 mL). The crude product obtained was treated with hot aqueous 
KOH solution (10%, 200 mL) for 3 hours. Dark pink filtrate was collected by 
washing the precipitate to remove all PMI salts. Aqueous solution of KCl (2%) 
was added to precipitate the di-potassium salt of PMI, centrifuged and washed 
again with aqueous KCl solution. The residue was dispersed in hot water and 
centrifuged to remove the remaining diimides. To the supernatant solution, 
aqueous HCl (10 %) was added and stirred overnight to form PMI product. 
Reddish brown solid obtained was filtered and washed with water until pH of 
the washings was neutral. Yield: 300 mg, 30%. 1H NMR (300 MHz, CDCl3, δ, 
ppm): 8.76-8.67 (8H, m), 4.2 (2H, m), 1.93 (1H, m), 1.34 (8H, m), 0.98 (6H, 
m); FT-IR stretching (cm-1): 2958-2858 (C-H stretching of alkyl chains), 1762-
1720 (anhydride C=O stretching), 1695-1651 (imide C=O stretching), 1595 
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(aromatic C-C stretching), 1465 (C-N stretching from perylene diimide). MS 
(APCI-TOF):  calculated for C32H25NO5: 503.1738, found: 503.1714. 
 
Table S2.1. Theoretical HOMO and LUMO values of amines and perylene 
obtained from DFT calculation at B3LYP/6-31G(d) level using Gaussian09.1 
 
Molecules  HOMO (eV)  LUMO (eV)  






































































































































Figure S2.1. Fluorescence spectra of (a) PDI + butylamine, (b) PDI + 
diisopropylamine, (c) PDI + trioctylamine, (d) PMI + trioctylamine and in 
presence of acid, where the concentration of PDI or PMI (0.1 mM) and amines 



















Figure S2.2. Time dependent fluorescence quenching of emission spectra of 
PDI drop casted solid film on quartz plate before and after exposure to amine 
vapors, (a) butylamine, (b) diisopropylamine, (c) triethylamine, (d) aniline (λex 













Figure S2.3. Time dependent fluorescence quenching spectra of PMI 
dropcasted solid film before and after exposure to amine vapors, (a) butylamine, 











Figure S2.4. Fluorescence spectra of PDI film before and after exposure to 
different amines vapors for 12 hours and 60 minutes for HCl; (a) butylamine, 
















Figure S2.5. Fluorescence quenching spectra of PDI (0.1 mM) in the presence 
of different concentrations (0.1 mM to 1.0 M) of (a) butylamine, (b) 











Figure S2.6. Fluorescence quenching spectra of PMI (0.1 mM) in the presence 
of different concentrations (0.1 mM to 1.0 M) of (a) butylamine, (b) 









Figure S2.7. Emission quenching curve of PDI (0.1 mM) in presence of 
butylamine (a), diisopropylamine (b), triethylamine (c) in the concentration 




























Figure S2.8. Absorption spectra of PDI (0.1 mM) in the presence of different 






Figure S2.9. Emission quenching curve of PMI (0.1 mM) in prescence of (a) 
butylamine, (b) diisopropylamine, (c) triethylamine, and (d) aniline at a 






Figure S2.10. Absorption spectra of PMI (0.1 mM) in the presence of different 




Figure S2.11. Aromatic region of the 1H NMR spectra of (a) PMI, (b) PMI + 
butylamine, in CDCl3 solvent. The concentration of PMI was 0.1 mM and that 






   
                  
Figure S2.12. Fluorescence quenching spectra of PDI (0.1 mM) in the presence 
of different concentrations (0.1 mM to 1.0 M) of (a) phenylethylamine, (b) 






Figure S2.13. Fluorescence quenching spectra of PMI (0.1 mM) in the presence 
of different concentrations (0.1 mM to 1.0 M)  of (a) phenylethylamine, (b) 




Figure S2.14. Theoretical DFT HOMO values of spermine, spermidine, 






Figure S2.15. Quenching curve of PDI (0.1 mM) by biogenic amines such as 
phenylethylamine (a,), diaminobutane (b,) and diethylenetriamine (DETA) 
(c,) in the concentration range from 0.1 mM to 1.0 M. The quenching curves 
at a low concentration of 0.1 mM to 0.1 M (d) were used to calculate the Stern-






Figure S2.16. Quenching curve of PMI (0.1 mM) by biogenic amines such as 
phenylethylamine (a,), diaminobutane (b,) and diethylenetriamine (DETA) 
(c,) in the concentration range from 0.1 mM to 1.0 M. The quenching curves 
at a low concentration of 0.1 mM to 0.04 M (d) were used to calculate the Stern-

















Figure S2.17. Absorption spectra of PMI (0.1 mM) in the presences of biogenic 
amines, (a) phenylethylamine, (b) diaminobutane (putrescine) and (c) 
diethylenetriamine (DETA) of varying concentration of 0.1 mM to 1.0 M. in 
THF (λex = 350 nm) 
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MOLECULAR ORGANIZATION INDUCED 
ANISOTROPIC PROPERTIES OF PERYLENE – 
SILICA HYBRID NANOPARTICLES 
                             




















S3.1. Synthesis of N, N’- bis(3-(triethoxysilyl)propyl )perylene-3,4,9,10-
tetracarboxylic acid  diimide precursor (PDI-1).  
N, N’- Bis(3-(triethoxysilyl)propyl)perylene-3,4,9,10-tetracarboxylic acid  
diimide was prepared using a reported procedure.167 3,4,9,10-
Perylenetetracarboxylic dianhydride  (0.392 g, 1 mmol) and APTES (1 mL, 4 
mmol) were mixed and stirred under nitrogen atmosphere for 5 min, and 
refluxed at 130 ºC for 3 h. Dark red colored reaction mixture was cooled to room 
temperature filtered and solid was washed with hexane to remove excess 
APTES and dried under vacuum to give red powder. 1H NMR (300 MHz, CDCl3, 
δ ppm): 8.68 (4H, d), 8.61 (4H, d), 4.2 (4H, t), 3.84 (12H, m), 1.87 (4H, m), 
1.25 (18H, t), 0.78 (4 H); MS (APCI-TOF): calculated for C42H50N2O10Si2: 
798.3, found: 799.3 (M+H)+. 
S3.2. Synthesis of N-(2-ethylhexyl)-N’- (3-(triethoxysilyl)propyl)perylene-
3,4,9,10-tetracarboxylic acid  diimide precursor (PDI-2).  
N-(2-Ethylhexyl) perylene-3,4,9,10-tetracarboxylic acid-3,4-anhydride-9,10-
imide was prepared using a reported procedure.166 Product obtained was further 
reacted with excess aminopropyltriethoxy silane under inert atmosphere at 120 
ºC for 3 hrs. Product was filtered, washed with excess hexane and dried under 
vacuum to yield reddish brown solid. 1H NMR (300 MHz, CDCl3, δ ppm): 8.62 
(8H, m), 4.22 (4H, m), 3.87 (6H, m), 1.98 (5H, m), 1.58 (23H, m). MS (APCI-
TOF): calculated for C41H46N2O7Si: 706.30, found: 707.31(M+H)+. 
 
      
 
 
Figure S3.1. Image of perylene silica nanoparticles after calcinations at 850 °C 






Figure S3.2. Fluorescence spectra of P-ST1 perylene silica nanoparticles 




Figure S3.3. Fluorescence spectra of P-ST2 perylene silica nanoparticles 





Figure S3.4. Fluorescence spectra of P-SF perylene silica nanoparticles before 





Figure S3.5. Fluorescence spectra perylene silica nanoparticles (P-ST2 and P-









         
Figure S3.6. Fluorescence quenching efficiency percentage of perylene silica 
nanoparticles (P-ST2, P-SF and P-NP) in presence of saturated biogenic amine 
vapors phenylethylamine (PEA), diaminobutane (DAB) and diethylenetriamie 
(DETA). (λexi = 350 nm) 
 
Table S3.1. Percentage quenching efficiency and reusability of perylene silica 












P-ST1 P-ST2 P-NP 
Cycle 1 Cycle 2 Cycle 1 Cycle 2 Cycle 1 Cycle 2 
Triethylamine 42.9 % 42.8 % 33.3 % 24 % 21 % 11 % 















SYNTHESIS AND CHARACTERIZATION OF 
SUPERHYDROPHOBIC, SELF-CLEANING NIR-













S4.1. Synthesis of Silica Nanoparticles via the Reverse Microemulsion 
Method.168  
Cyclohexane (120 ml) was added to Triton–X (26.4 ml) and octanol (25.2 ml) 
and left to stabilise for 5 minutes.  Deionised water (8 ml) was added dropwise 
to the mixture and stirred for 10 minutes. TEOS (10 mmol, 2.4 ml) and aqueous 
ammonia solution (0.13 mol, 2.4 ml) together was then added. The reaction 
mixture was stirred for 24 hr and excess acetone was added to break the 
emulsion. The mixture was centrifuged and washed with ethanol and water. The 
nanoparticles obtained were then left to dry in a vacuum oven overnight at 72 
°C. 
S4.2. Preparation of N-(2-ethylhexyl)perylene-3,4-anhydride-9,10-imide 
(PMI).137  
Perylene-3,4,9,10-tetracarboxydianhydride (1 mmol, 0.4 g) and alkylamine 
solution (8 mmol, 1.0 g) were added to a 1:1 mixture of ethanol and water (50 
ml), and refluxed for 6 hours at 90 °C. After completion, the reaction was cooled 
to room temperature and acidified with hydrochloric acid (10 %). The 
precipitate was filtered and washed with water to remove any unreacted amine, 
dissolved in hot potassium hydroxide solution (1%) and centrifuged to remove 
the insoluble diimide precipitate. After centrifugation, the filtrate was filtered 
again to remove the diimide completely. To the filtrate, potassium chloride 
solution (10 %) was added and filtered. The obtained solid was dispersed in 
water and acidified with hydrochloric acid (10 %). The red precipitate formed 
was filtered and washed with water. 1H NMR (300 MHz, CDCl3, δ ppm): 8.75-
8.65 (8H, m), 4.2 (2H, t), 1.93 (1H, m), 1.34 (8H, m), 0.98 (6H, m). MS (APCI-
TOF):  calculated for C32H25NO5: 503.1738, found: 503.1714. 
S4.3. Synthesis of N-(2-ethylhexyl)-N’-(3-(triethoxysilyl)propy)perylene-
3,4,9,10-tetracarboxylic acid  diimide precursor (PDI-2).166  
Perylene monoimide (PMI, 0.06 mmol, 0.03 g) was mixed with APTES (4 
mmol, 0.9 g) and refluxed under argon atmosphere for 5 hours under constant 
stirring. After cooling to room temperature, the mixture was washed with 
hexane to remove any unreacted amines. The red solid product was dried under 
reduced pressure and stored in nitrogen atmosphere. . 1H NMR (300 MHz, 
194 
 
CDCl3, δ ppm): 8.62 (8H, m), 4.22 (4H, m), 3.87 (6H, m), 1.98 (5H, m), 1.58 
(23H, m).  MS (APCI-TOF): Calculated for C41H46N2O7Si: 706.3074, found 
707.3131 (M+H)+                                    
 
 
Figure S4.1. FTIR spectra (a) and TGA traces (b) of P-2 (), PT-1 (●) 
functionalised silica nanoparticles. 
 
Table S4.1. Elemental analysis of functionalised silica nanoparticles samples 
P-1 (5 wt % PDI-2), P-2 (10 wt % PDI-2), P-3 (21 wt % PDI-2), PT-1 (1:0.01 
molar ratio PDI-2 to TMODS), PT-2 (1:1 molar ratio PDI-2 to TMODS), T1 
(TMODS) functionalized silica nanoparticles. 
Sample C% H% N% < 150° C 150° - 800° C 400° - 800° C 
P-1 1.71 1.85 < 0.50 6% 6 % 3.5% 
P-2 2.11 1.52 < 0.50 6% 5% 3% 
P-3 6.98 1.84 < 0.50 5% 8.2% 5.69% 
PT-1 5.89 2.16 < 0.50 3.8% 9% 6% 
PT-2 7.42 2.48 < 0.50 6.8% 11.3% 6.6% 
T1 5.49 2.35 < 0.50 4.3% 10.5% 6% 
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Figure S4.2. Optical images of (a) SiO2 NPs, (b) P-1 (5 wt % PDI), (c) P-2 (10 
wt % PDI-2), (d) P-3 (21 wt % PDI-2), (e) PT-2 (1:1 molar ratio PDI-2 to 
TMODS) functionalised silica nanoparticles dispersed in THF (5 mg / ml). 
Illuminated under (i) white light and (ii) UV light (365 nm). 
 
 
Figure S4.3. SEM images of silica TLC plate before (a) and after (b) coating 
PT-2 NPs coating, inset is the corresponding high magnification image of PT-






























FUNCTIONALISED 2D SILICA FORMED AT 
LIQUID-LIQUID INTERFACE: SYNTHESIS, 






















Figure S5.2. FESEM micrographs of silica film obtained from (a) O-Si, (b) P-
Si and combination of PDI-2 and octadecylsilane in mole ratios of 1: 1 (c, PO1-









                            
 
Figure S5.3. Digital photograph of O-Si film surface collected on a glass 
substrate (a) facing organic side (b) facing water side, water drop on the surface 
of the film facing organic (c) water side (d) and corresponding images under 
optical microscope. 
 
                       
 
Figure S5.4. Optical images of O-Si film collected on coverslip (a) and image 
of O-Si film formed at liquid/liquid interface (b). Optical images of drop casted 
PDI-2 film on coverslip (c) and P-Si film formed at the interface of two liquids 







     
 
 
Figure S5.5. Images of films formation at the interface of two immiscible 
liquids (A) P-Si under normal light, (B) PO1-Si, (C) PO10-Si, (D) PO100-Si and 
(E) PO1000-Si when exposed to UV lamp (λ = 360 nm), to show the effect of 
increase in concentration of Octadecylsilane on photophysical properties of the 
film formed at the interface. Optical micrographs of the films collected on 
coverslip in bright field mode (1) P-Si, (2) PO1-Si, (3) PO10-Si, (4) PO100-Si 
and (5) PO1000-Si. Fluorescent optical micrographs of the films under FITC 









     
 


























SYNTHESIS, CHARACTERIZATION AND 


















Table S6.1. Summary of reactants used for the synthesis of ZnOSiO2 NPs 
of different Zn2+ Loading. 
 
 
ZnOSiO2-1, ZnOSiO2-2, ZnOSiO2-3, ZnOSiO2-4 refers to different amount of Zn in silica 
nanoparticles in the presence of AEAPTMS and sample ZnOSiO2-A refers to Zn loaded in silica 





Figure S6.1. Demonstration to show the printing process by stamp pad method. 
Required print is created on stamp pad and pressed on glass plate smeared with 
ZnOSiO2/PVA formulated ink (1) for 5-10 seconds and transferred to clean 








No. of moles 













ZnOSiO2-1 0.075 0.075 600 400 
ZnOSiO2-2 0.15 0.15 600 400 
ZnOSiO2-3 0.30 0.15 600 400 
ZnOSiO2-4 0.45 0.15 600 600 
ZnOSiO2-A 0.45 - 600 600 
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Table S6.2.  Elemental Analysis of ZnOSiO2 NPs.  
 








       
Figure S6.2. TEM images of (a) ZnOSiO2-A, (b) ZnOSiO2-1 and (c) 
ZnOSiO2-4 to show distribution of ZnO in silica matrix. 
Sample Zn (wt %) Si (wt %) 
ZnOSiO2-1 3.28 45.48 
ZnOSiO2-2 4.88 27.88 
ZnOSiO2-3 7.98 27.26 
ZnOSiO2-4 11.50 17.45 
ZnOSiO2-A 9.01 19.47 
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Figure S6.3. Phosphorescence life time of ZnOSiO2 – 4 Nanoparticles using 
405 nm as excitation wavelength. 
 
             
Figure S6.4. Thermal Stability of ZnOSiO2 - 1/PVA film on glass substrate 
heated at 100 deg at different interval of time, (■) 0 hr, (●) 1 hr, (▲) 48 hr. (λex 
















































ONE POT SYNTHESIS OF FLUORESCENT 
















































Figure S7.3. UV-Vis absorption spectra of citrate capped Au nanoparticles 
before and after adsorption using various hybrid materials as adsorbents.  The 
hybrid materials used are Si-DHB (1), Si-DHN (2), Si-DHAQ (3), Si-DHTA 
(4), Si-DHTE (5), Si-Oct (6) and Si-Dod (7) 
























Figure S7.4. UV-Vis absorption spectra of citrate capped Ag nanoparticles 
before and after adsorption using various hybrid materials as adsorbents.  The 
hybrid materials used are Si-DHB (1), Si-DHN (2), Si-DHAQ (3), Si-DHTA 
(4), Si-DHTE (5), Si-Oct (6) and Si-Dod (7) 
208 
 


























Figure S7.5. UV-Vis absorption spectra of PVP capped Ag nanoparticles before 
and after adsorption using various hybrid materials as adsorbents.  The hybrid 
materials used are Si-DHB (1), Si-DHN (2), Si-DHAQ (3), Si-DHTA (4), Si-
DHTE (5), Si-Oct (6) and Si-Dod (7) 

























Figure S7.6. UV-Vis absorption spectra of PVP capped Au nanoparticles before 
and after adsorption using various hybrid materials as adsorbents.  The hybrid 
materials used are Si-DHB (1), Si-DHN (2), Si-DHAQ (3), Si-DHTA (4), Si-






Figure S7.7. Optical images of hybrid materials 
 
 
            
            
 
Figure S7.8. Energy dispersive X-ray spectroscopy (EDS) patterns of (A) gold 
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Figure S7.9. UV-Vis absorption spectra of citrate stabilized Au nanoparticles 
before and after adsorption when commercial silica was used as adsorbent. 
Adsorbent dosage: 15 mg Concentartion of Au Np = 20 ppm. 
 
 















 After adsorption by commercial silica  
